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AbNtract 
The syntheses of two novel imide monomers, N-(2-biphenylenyl)-4-[2- 
phenylethynyl]phthalirnide (BPP), containing both phenylethynyl and biphenylene 
reactive groups, and his 2-(2-[2-biphenylenyl]- 1,3-diketolsoindolin-5-yi)- 1,1,1,3,3,3- 
hexafluoropropane (BDF), containing biphenylene groups only, are described. Both 
monomers were fully identified using Fourier transform infra- red (FTIR) , 
1H nuclear 
magnetic resonance (NMR) spectroscopy and elemental analysis. 
The thermal cure of BPP was studied by FTIR spectroscopy and diffusion reflectance 
infra-red (DRIFT) spectroscopy and differential scanning calorimetry (DSQ. 
Analysis of the spectral data of the monomer using chemometrics showed that the 
curing of the monomer proceeds through the reaction of the phenylethynyl bond and 
provided reasonable evidence for the formation of phenanthrene links. The thermal 
properties of the resulting polymer were assessed using thermal mechanical analysis 
(TMA), thermogravi metric (TG) analysis and isothermal weight loss (IWL) studies. 
The Tg of BPP resin seemed to vary according to the curing temperature and time 
used and it was shown to be ca. I OOOC higher than the NASA developed 
pheny lethyny I -term 1 nated imide (PETI) resin, whereas the thermo-oxidative stability 
JOS) of BPP at 3700C was comparable to that of the PETI system thus making BPP 
a candidate for possible high temperature applications. 
The thermal properties of BPP/PETI-5, BDF/PETI-5 and BPP/BDF blends were 
assessed using DSC, TMA, TG and IWL studies. The cured blends of PETI-5 
displayed comparable properties to those of PETI-5 neat resin. In contrast, blending 
BDF with BPP produced resins that exhibited higher Tgs than PETI-5 and better TOS 
than both BPP and PETI-5. Therefore the resins formed by the thermal curing of 
BPP/BDF blends can also be considered as possible candidates for high temperature 
applications. 
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Chapter 1: History and Development of Thermosetting Polyimides 
This introductory chapter gives a review of the history and development of 
thermosetting polyimides for use as matrix resins in structurally advanced composites 
for aerospace applications. Moreover, at the end of the chapter, a crosslinking reaction 
that might lead to the formation of a new thermosetting polyimide resin having the 
potential to be used as matrix in advanced composites for aerospace applications is 
proposed. 
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1.1. Introduction to composites 
The concept of using composites as metal replacements in structural components 
was introduced in the early 1940's and especially at the peak ot'World War 11 where 
the need for producing advanced materials for military applications acted as a catalyst 
in their development, due to the high specific strength to weight ratio that they 
possessed compared to metals. In fact one of the earliest composites produced was the 
Gordon Aerolite (a laminate of flax roving and paper soaked with liquid phenolic 
resin) that was used for the fuselage of the famous Spitfire fighterl. 
Wilson 2 defined a composite as "a material consisting of any combination of 
fibres and particles in a common matrix". A composite material, as the name implies, 
is a material that consists of two or more components. These when blended together 
give rise to materials that possess more advanced, and indeed superior properties 
compared to the individual constituents. Composites are made of at least two 
fundamental components, the reinforcing material (e. g. continuous fibres, short fibres, 
particulates e. t. c) and the matrix resin. 
The chemistry and properties of composites can be better understood by 
examining the two fundamental components that they comprise, as well as the 
reinforcement-matrix interface, since the latter plays a major role in the mechanical 
and physical properties of a composite material. A large number of matrix resins and 
reinforcements have been developed and used in composites over the years and the 
most important of these are tabulated in table 1.1 
Matrix Resin Fibre Reinforcement 
Phenolics, Epoxy resins, Polyimides, 
Cyanate ester resins 
Carbon, Glass, Organic fibres, Silicon 
Carbide 
Table 1.1 Various types of matrix resins and fibre reinforcements. 
The task of describing the characteristics of the existing fibres and resins used in 
composites is a long and difficult one and beyond the scope of this thesis. Hence, for 
the purposes of this project emphasis will only be given to the up-to-date development 
2 
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and characteristics of polyn-nides as matrix resins in structural ly-e fficient, advanced 
composites for aerospace applications. 
1.2. Polyimides as composite resins for aerospace applications 
The late 1960's saw the starting point for a major breakthrough in the chernistry 
of aromatic polyimides. The interest in the synthesis and processing of poly1m1des 
was mainly due to the unusual properties that they possessed. These included high 
thermal decomposition temperatures (Td), high glass transition temperatures (Tg) and 
3 great mechanical strength , which attracted great attention 
in polymer chemistry and 
especially in the aerospace sector. 
It was not until the so-called norbornene end-group was employed in the 
synthesis of polyimides that these unique and rather spectacular properties of aromatic 
polyimides were revealed. This technology (i. e. using the norbornene end-group) was 
2 
later named as P13N ;P standing for polyimides, 13 representing the average 
prepolymer molecular weight of 1300 and N referring to the norbornene end-groups. 
The novelty in this technology was that, unlike the typical method for preparing 
condensation polyimides using a diamme and a dianhydride (see figure 1.1; more 
detailed information is given in appendix A), in this case a third monomer, the 
norbornene anhydride was used as an end-capper. 
The synthesis of P13N was essentially a two-step process (see figure 1.2). The 
first step of the synthesis involved reacting the monomers in a solvent at room 
temperature to form a low molecular weight norbornene-terminated amic acid. The 
final imide was then formed by the conversion, via a heat induced cyclodehydration 
process, of the low molecular weight, norbornene-terminated amic acid to a 
norbornene-terminated imide. 
3 
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Figure 1.1 Typical synthesis of condensation polyimides using a diamine and a 
dianhydride. 
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Figure 1.2 Synthesis of PI 3N polyimide. 
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P13N was a triumph in polymer chemistry due to the capability of this approach 
to control the viscosity of' the prepolyrner thus enabling easier processing. 
Nevertheless, there were still some problems associated with the fully imidised resin. 
The difficulty in eliminating the highly polar residual solvents such as 
dimethylformamide and N-methylpyrollidinone as well as the lack of tack and drape 
of the final resin were some of the important P13N drawbacks that brought its 
commercial status into question. 
Following the discovery of PI 3N, a number of projects were initiated in order to 
produce a thermal ly-stable polyimide resin that would not suffer from the problems 
associated with P13N. As a result of these initiatives, several alternative resins have 
been reported in the literature through the years, but only a few have gained 
acceptance over P13N. The most noteworthy of these has been PMR-15 and its 
variants due to their potential of achieving commercial status. In the following 
sections of this chapter a discussion is made on the properties and characteristics of 
the most important PMR type resins reported in the literature to date. 
1.3. The PMR approach 
A few years after the synthesis of P13N, Serefini, Delvigs and Lightsey 4, at 
NASA Lewis Research Centre in the United States of America, successfully 
developed a much more improved process known as "in situ polymerisation of 
monomer reactants" (PMR) for composite fabrication. 
The so-called PMR approach relied on similar chemistry to P13N described 
earlier and involved dissolving a dialkyl ester of an aromatic tetracarboxylic acid, an 
aromatic diamine and a monoalkyl ester of 5-norbornene-2,3-dicarboxylic acid (nadic 
ester, NE) in a low-boiling alkyl alcohol (methanol or ethanol). The resulting 
monomeric solution was then used to impregnate the reinforcing fibres. The 
innovation in this method was that the composites were produced by the direct 
polymerization of the low molecular weight nadic-terminated imide prepolymer, 
formed by the in silu cyclodehydration and oligomerisation of the monomers, on the 
fibre surfaces via an addition reaction through the nadic-end caps. 
The PMR approach gained great attention because it possessed a number of 
attractive characteristics 4,5 such as the use of low molecular weight monomers of low 
solution viscosity, low boiling point solvent and furthermore no volatile materials 
5 
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should be evolved during the final curing step. Perhaps the main advantage of the 
entire PMR approach was the ability to manipulate the degree of flow and properties 
ofthe resins by simply changing the structure and/or stoichiometry of the monomers. 
From the PMR resins, PMR-15 (15 represents the RMM of 1500 of the 
prepolymer) is regarded as by far the most successful PMR polyimide. The latter is 
prepared from NE, 4,4'-di ami nodi pheny I methane (DDM), also known as 4,4'- 
methylene dianiline (MDA), and a dimethyl ester of 3,3,4,4'-benzophenone 
tetracarboxylic acid (BTDE) (see figure 1.3). 
2 
()TCOMe 
--co 
2H 2 
+ 3.09 H2 N-O_CUI__aNH, + 2.09 
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Figure 1.3 The Synthesis of PMR- 15. 
Some characteristics 5,6,7 of PMR-15 include good mechanical properties and 
excellent retention of these properties for extended periods of time at temperatures up 
to 300T, high Tg of the order of up to 3820C and processing without evolution of by- 
products during the final curing step. 
The exceptionally good properties of PMR-15 were largely attributed8 to the 
structural features of the crosslinked polymer such as the presence of rigid aromatic 
and polyimide crosslinks. To date, the exact crosslinking mechanism of PMR-15 is 
not fully understood and it has been the subject of considerable research and 
6 
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controversy. Studies carried out by NASA9 and elsewhere 10 showed that in the 
crosslinking of PMR-15, the norbornene end-cappcd imide prepolymer undergoes a 
reverse Diels-Alder reaction (RDA) (see figure 1.4), producing cyclopentadlene and 
maleimides (or their radicals). These, in turn, act as the initiators of chain 
polymcrisation. 
000 
Pressure 
N-N N-N 
+0 
Crossiinking 
N 
000 
Figure 1.4 The Reverse Diels-Alder resin systems: NASA crosslinking mechanism. 
In an attempt to rationalise and facilitate the study of the thermal polymerisation 
of the norbornene end-cap, many workers have used N-phenyInadimide as a model 
compound for the PMR-15 curing reaction. Wong el al., 11,12 consistent with work 
carried out elsewhere 8 using N-phenylnadimide as model compound, reported that the 
course of the RDA reaction is undoubtedly temperature dependent. However, the 
authors found that the cyclopentadiene formed by the RDA reaction did not 
copolymerise as previously suggested. Instead, their data supported the conclusion 
that the imide underwent a further Diels-Alder reaction with the double bond of N- 
phenylnadimide to give a doubly-bridged product (see figure 1.5). 
0 
0,0,, 
-0 
0 
-w 
0 
N-phenylnadimide 
Figure 1.5 Crosslinking mechanism of PMR- 15 proposed by Wong et al. 11,12 
Meador el al. 13, using solid state NMR of 13C isotope-labelled samples of PMR- 
15 to follow the crosslinking of the nadic end-cap, reported that the major products 
7 
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Cori-ned From the crosslinking of I'MR-15 were a result of olefin polymerization 
through the double bond of the nadic end-cap (see figure 1.6) and only about 15% of 
the products arose as a result of the RDA reaction. 
o0 
00 
Figure 1.6 Crosslinking mechanism of PMR- 15 proposed by Meador et al. 13 
Despite the controversy in the literature concerning the exact path of the curing of 
PMR- 15, the point of truth was that the crosslinks of PMR- 15 were largely aliphatic 
in character and this severely limited the long-term thermo-oxi dative stability JOS) 
of the resin restricting its use only up to 3000C. In fact one of the major shortfalls of 
PMR-15 is that it sustains dramatic weight losses (approximately 20%) 7 after heating 
at 371T in air for a few hundred hours. 
Another important drawback of PMR-15, apart from its poor TOS, is the 
irreproducibility in the processing of the prepolymer. Hay el al., 14 by studying the 
imidization process of PMR-15 at various times and temperatures, reported that a 
number of important features such as the chemical structure, molecular weight and 
molecular weight distribution, viscosity and volatile evolution of the prepolymers 
were dependent on the processing conditions of the monomers. Furthermore, besides 
the expected imide groups present in the prepolymer, they observed the appearance of 
a number of functional groups in the prepolymers such as amine, amide, ester, 
anhydride and salt, the ratio of which was also dependent on the imidization 
conditions. 
8 
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Other notable shortcomings of PMR- 15 include health and safety concerns due to 
the mutagenic properties of methylene dianiline (DMM) and also the occurrence of 
microcracking during long-term thermal cYcling. The latter has profound implications 
on the mechanical properties of the composite in use and is directly related to the 
thermal stresses arising from the thermal expansion coefficient difference of the fibre 
and the resin. Using lower temperature curing cycles8 can reduce microcracking, but 
there is a temperature limit below which the end-caps cannot polymerise. Perhaps the 
most successful method for tackling this problem has been employed by Pater, 5,16 
where an interpenetrating polymer network (IPN) was used to minimize 
microcracking. The IPN approach (see figure 1.7) involved combining an easy to 
process brittle thermosetting poly1mide (PMR-15) with a difficult to process 
thermoplastic polyimide (LaRC-TPI). The resulting resin, having the easy processing 
characteristics of PMR-15 and also the good toughness characteristics of LaRC-TPI 
showed improved microcracking resistance with some sacrifice, however, in the 
mechanical properties compared to PMR- 15. 
Addition type thermosetting 
Fasy to process 
Brittle 
Condensation type thermoplastic 
DifEcult to process 
, Fough 
Semi-IPN 
Fasy to process 
Tough 
Figure 1.7 Concept of interpenetrating polymer network synthesis. 
9 
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1.4. PMR derivatives 
Owing to the deficiencies of PMR-15 addressed in the previous section, attempts 
to develop high temperature composite matrices, following the PMR approach but 
lacking the disadvantages inherent with PMR- 15, became the main obýjective of much 
research with most of the activities centred on forming resins with improved long 
term TOS compared to PMR-15. Based on the flexibility in changing the backbone 
structure, end-groups or even changing both simultaneously, a number of PMR 
polyimides have been synthesized, the most important of which are discussed below. 
1.4.1. Changing the backbone 
The objective behind changing the backbone chemistry of PMR-15 was to 
introduce thermal ly-stable monomer structures and also to increase the RMM of the 
resin. As mentioned earlier, the "Achilles heel" of PMR-15 with regards to its TOS 
are the aliphatic crosslinks derived from the NE end-caps. Therefore, by increasing 
the RMM of the resin the proportion of NE end-caps can be significantly reduced and 
this can offer better thermal capabilities. This approach led to the formulation of a 
number of new versions of PMR-15 commonly known as second-generation PMR 
polyimides. 
The most important of these are the NASA developed PMR-11, V-CAP and also 
the TRW developed AFR-700A and AFR-700B all of which were formulated by 
using the hexafluoroisopropylidene anhydride derivative HFDE as monomer 
replacement for BTDE. The monomers used in the synthesis of these resin systems 
are shown in figure 1.8 
The chemistry of PMR-11 makes use of p-phenylene diamine (PPD), HFDE and 
NE as monomers. Depending on the prepolymer's RMM there are two different 
versions of PMR-11, the PMR-11-30 and PMR-11-50. The former has an RMM of 3000 
whereas the latter has a RMM of 5000. V-CAP has the same backbone chemistry as 
PMR-11 but uses p-aminostyrene as end-capper rather than NE. AFR-700 also has 
similar backbone chemistry but half of the NE end-caps are replaced by either the 
anhydride (AFR-700A) or the amine (AFR-700B). 
10 
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Figure 1.8 Monomers used in the synthesis of the second generation PMR resins. 
These resins and their composites demonstrate improved TOS compared to PMR- 
15. Scola et al., 17 reported that the % weight loss suffered by PMR-11-(30/50) and 
AFR-700B as neat resins after heating at 3710C in an air-circulating oven under I 
atmosphere pressure for 100h was much less than that of PMR-15 thus suggesting a 
better TOS. In particular, PMR- 15 exhibited a weight loss of 17.1 % whereas PMR-11- 
(30/50) and AFR-700B exhibited 6%, 5% and 6.4% weight losses respectively. The 
same was true when PMR-15 and AFR-700B were tested as neat resins under the 
same conditions, but using 4 atmospheres pressure under 100ml/min airflow in an 
attempt to simulate the "real-life" environment of a jet engine. Although in the latter 
testing programme the authors did not include PMR-11-(30/50), it is reasonable to 
assume that these would have also shown a better TOS compared to PMR- 15. 
In the literature there is a very limited discussion on the crosslinking nature of 
these resins but nevertheless, considering the type of end-cappers used it would not be 
extravagant to say that the crosslinking of these systems is still primarily aliphatic in 
character due to the presence (PMR-11-30/50) or "partial presence" (AFR-70OA/B) of 
norbornene end-groups. Following that, the higher RMM and in particular the 
presence of the bulky HFDE monomer with the thermally stable -CF3 groups are 
perhaps the only reasons for the improved TOS that these resins exhibited compared 
to PMR- 15. It should be mentioned that from the second generation PMR polyirnides, 
V-CAP, which uses p-aminostyrene exclusively as an end-capper, has perhaps gained 
the greatest commercial status since it's composites are currently used as exhaust 
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fairing components 18 in FI 10 jet engines out-performing PMR- 15 both in terms of 
'FOS and microcracking resistance. 
In conclusion, despite the superiority of these resins compared to PMR-15 with 
regards to TOS at 371T, the truth is that they still suffer from unacceptably high 
weight losses thus raising the question of their long-term use at temperatures higher 
than 3710C. Furthermore, the possibility of these resins being used for lower 
temperature applications on commercial aircraft is screened by economical issues due 
18 to the high cost of HFDE monomer 
1.4.2 Changing the end-groups 
As with the case of changing the nature of the backbone structure of PMR- 15, a 
number of experiments aiming to improve the TOS of the resin were also conducted 
but this time using different end-capping agents. Although introducing thermally 
stable monomers and also increasing the RMM of the PMR-15 resulted in a 
considerable improvement in the TOS, the presence of the aliphatic crosslinks was 
still an issue that required fine-tuning in order to minimise the weight loss at elevated 
temperatures. Efforts to increase the aromatic content of the crosslinks have been 
made using a variety of end-capping agents such as modified norbornene end-caps 
and also a range of sometimes "exotic" novel end-caps. 
1.4.3. Benzonorbornadiene end-caps 
Panigot et al., 19 prepared new PMR resins by replacing the NE end-capping agent 
with a benzonorbornadiene anhydride (see figure 1.9a). Their plan was to hinder the 
RDA reaction of the norbornene end group and at the same time increase the aromatic 
content of the crosslinks. Investigation of the thermal chemistry of the modified end- 
cap was conducted using model compound N-phenylimide (see figure 1.9b) and its 
properties were compared with the corresponding properties of N-phenyinadimide 
(see figure 1.9c). The authors demonstrated that the number of aromatic carbons 
increased as the heating of the N-phenylimide proceeded whereas in the case of the 
latter, no such observation was made. The TOS of the resins was tested for 1000h at 
316'C and, despite the evidence provided by the model compound studies that the N- 
phenylimide undergoes curing to form aromatic crosslinks, the benzonorbonadiene 
end-capped resin had similar weight loss behaviour to PMR- 15. 
12 
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a b 
0 
C 
Figure 1.9 a)Benzonorbornadiene anhydride, b)N-phenylimide, c)N-phenylnadimide. 
Substituted Norbornene end-caps 
A different modification of the norbornene end-cap was reported 20 using a 
methoxycarbonyl bridgehead-substituted nadic diacid monoester (see figure 1.10) as 
an end-capping monomer. The thermal analysis of the resin incorporating the 
modified end-cap revealed similar properties to PMR- 15 and ftirthermore similar TOS 
at 3160C. Perhaps the only advantage that this modification offered was to lower the 
curing temperature (by approximately 250C) of the NE, due to the presence of the 
electron-withdrawing substituent on the norbornene end-cap. Although it is known 
that the presence of the latter on the diene retards the rate of the RDA reaction, in this 
case it had an opposite effect due to a reported rearrangement of the ester group from 
the bridgehead to the vinyl position. The use of a lower temperature curing end-cap 
in PMR systems can contribute considerably to the reduction of microcracking that is 
one of the main drawbacks of PMR- 15. 
C02Me 
C02H 
C02Me 
1.4.5. 
Figure 1.10 Methoxycarbonyl bridgehead substituted nadic diacid mornoester end- 
group. 
4-Amino[2.21-paracyclophane end-caps 
21 Waters el al. , prepared a family of addition curing polyimides known as 
"Cycaps" using HFDE, MDA and 4-amino[2.2]-I)aracyclophane as the end-cap. 
Essentially their approach was to increase the upper use temperature of PMR 
0 
c -0 
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polyimides by replacing NE with 4-amino[2.2ý)aracyclophane (see figure 1.11) thus 
reducing the number of aliphatic crosslinks. "Cycaps" exhibit high thermal 
decomposition temperatures ranging from 550-570 OC (therrnogravimetric (TG) 
analysis) and Tgs ranging from 279"C-353"C depending on the RMM of the resin. 
Furthermore, no sample weight loss or gas evolution is observed during cure. 
Nevertheless, these resins suffer from high weight loss when exposed to 300T in air. 
Previous studies 22,23,24 on polymers incorporating the hi ghly- strained [2.2]- 
paracyclophane ring system in their backbones showed that upon heating, the 
methylene bridging carbons break down to form the diradical p, p'-dimethylbibenzyl 
(see figure 1.11) that in the absence of reactive hydrogens or radical traps can either 
regenerate by intramolecular recombination or recombine intermolecularly across 
polymer chains to form ethylenic "ladder" like crosslinks. It is more likely that the 
relatively poor TOS of Cycaps is due to the partially aliphatic nature of the crosslinks. 
CH 2 CH, 
1 
: ý_, 
1 IN- Inten-l-fla, 
Cyclophane ring system p, pý-Dimethylbibenzyl 
Figure 1.11 Thermal behaviour of Cyclophane ring system. 
Biphenylene end-groups 
One of the most interesting end-caps used in addition type poly1mides is 
biphenylene. When heated above 350"C, biphenylene undergoes thermal ring 
opening to form diradicals that react to form primarily its thermally stable 
tetrabenzocyclooctatetraene dimer (see figure 1.12) and some polymeric material2_'; ' 26. 
Although the nature of the latter has never been examined, it is postulated that it is a 
product of radical reactions 25 . 
Stille el al., have extensively studied 27,2X, 29,30,31 a series 
of linear and star branched biphenylene terminated imide oligomers using different 
backbone chemistries. 
14 
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Biphenylene Tetrabenzocyclooctatetraene 
Figure 1.12 Formation of tetrabenzocyclooctatetraene. 
Resins prepared from BTDE, 4,4-diaminodiphenyl ether (4,4'-ODA) and 2- 
aminobiphenylene monomers (see figure 1.13) were shown to have poor thermal 
properties and the authors attributed this to the limited crosslinking efficiency of 
biphenylene 28 . They postulated that only a small amount of polymer 
is formed by the 
attack of radicals on neighbouring polymer chains and that the curing process of 
biphenylene is mainly a chain extension reaction, rather than a true crosslinking, 
where the biphenylene reactive sites form tetrabenzocyclooctatetraene linkages. 
MeO 2C05: ý' 
1 
CO 
2 Me NH, 
H, N 0 NH, 
H02C 
)CI-ý-aCO, 
H 
: ýEa 
BTDE 2- amino b iphenylene 4,4'-ODA 
Figure 1.13 Starting monomers for biphenylene-terminated imide resins. 
A few years later 29,30,31 , 
in an attempt to improve the thermal properties of the 
resin, the same authors fabricated biphenylene end-capped systems with a modified 
backbone structure. Based on the concept that biphenylene reacts with internal 
2526 
acetylene groups forming thermally stable phenanthrene rings ' (see fig. 1.14), they 
formulated biphenylene terminated imide oligomers having acetylene groups in their 
chains, aiming to promote crosslinking by the co-reaction between the two 
functionalities. The resulting resin exhibited excellent thermal properties such as high 
Tg ( >400'C), 5% weight loss at approximately 550T in air (TG analysis) and also 
good retention of mechanical properties at temperatures above 400"C. The 
improvement of the thermal capabilities of the resins was credited to the formation of 
phenanthrene crosslinks, the formation of which was justified by the observation of a 
15 
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single exotherm in the differential scanning calorimctry (DSC) plots, thus suggesting 
a selective reaction between internal acetylene units and biphenylene end-caps3l. The 
same was not true, however, when the curing behaviour of acetylene and biphcnylene 
end-cap polyimides blends was examined 30. These had similar thermal properties as 
those for the individual acetylene and biphenylene end-capped poly1mides and it was 
suggested 30 that presumably the phananthrene ring formation in this case was most 
probably a chain extension rather than a crosslinking reaction. 
C6 H5 
c c6H5 
c6H5 
C6H 
Figure 1.14 Formation of phenanthrene rings. 
1.4.7. Acetylene terminated polyimides 
Acetylene terminated polyimides were firstly studied at Hughes Aircraft 
Company 32 by developing a low molecular weight thermosetting imide (terminated 
Thermids) via the classical route used for PMRs from BTDE, 1,3-bis(m- 
aminophenoxy)benzene (1,3(3)-APB) and using 3-ethynylaniline as an endcapping 
agent (see fig. 1.15). These types of oligoirnides cure without the evolution of by- 
products to afford resins with high T, s (ca. 370"C) and good TOS at temperatures up 
to 3 16 C33. 
meo 2C co M- 02 112N Nil 
2 
ll, N,, 
ýýCll 
11() Cý 
ýacojl 
2 
IITDE 1,3(3)-AlB 3 -ethynylani line 
Figure 1.15 Starting monomers used in the synthesis of'rhermids. 
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Initially it was thought that the curing of the end-caps was a chain extension 
occurring by cyclotrimerisation of the ethynyl group to aromatic ring structures and 
that the latter were responsible for the good TOS of the resins. However, rnodel 
compound studies revealed that the process is much more complicated than originally 
thought and most probably there are a number of different linear or cyclic coqjugated 
linkages formed during the curing of the acetylene group. Although a discussion of 
the detailed mechanistic path of the curing of the acetylene end-cap is outside the 
scope of this thesis, table 1.2 lists some of the mechanisms and products thereof 
proposed 34 over the years as a testimony to the controversy over the curing of the 
acetylene group. 
Reaction mechanisms Products 
Ar Ar 
Ar, 
Cyclotrimerisation 
Ar Ar 
Ar 
Ar 
Biradical mechanism 
CH- Ar 
11 lýH 
J ý 
CH= 
Ar-CH CH-Ar 
Ar 
Ar 
Ar 
Glaser coupling Ar ý-- Ar 
Straus coupling // 
CH-Ar- 
Arý- CH 
ArO OAr 
Friedel-Crafts addition 
CH 
11 
CH 
Ar 
Table 1.2 Proposed mechanisms and products thereof for the curing of the acetylene 
group. 
It is most likely that the nature of the products is largely related to the processing 
conditions used (temperature, catalysts) and even so control of the reaction to produce 
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3_36 100% aromatic crosslinks has not yet been possible. It has been demonstrated r, that 
aromatic formation even in the presence of catalysts contributes only up to about 30% 
of the whole crosslinking process. 
Unfortunately, the major shortcoming of the acetylene group as an end-cap is that 
in most cases onset of cure of the acetylene group is too close to the melt temperature 
of oligolmides and therefore they are difficult to process as a result of the narrow 
processing window (the difference between the melting temperature and cure onset of 
the oligoimide). This problem can be partly overcome by using the polyimide 
precursors, isoimides 33 . These, upon heating at elevated temperatures, rearrange to the 
corresponding polyimides without the evolution of by-products. 
Phenylethynyl group 
Before concluding the discussion on thermosetting polyimides it would be 
appropriate to devote a small section of this chapter to the chemistry and properties of 
the phenylethynyl terminated imide (PETI) resins and composites since these were the 
leading candidates in the NASA high-speed civil transport (HSCT) project. A resin 
suitable for such use would need to be able to withstand Mach 2.4 (2.4 times the 
speed of sound) conditions at temperatures ranging between 177-25 OoC37 for 60,000 
hours. The resin that was selected for evaluation for use in HSCT is the NASA 
invention 38 PETI-5 (RMM 5000) the chemistry of which is shown in figure 1.16 
The employment of phenylethynyl groups as reactive groups in addition type 
polyimides has been undoubtedly the centre of extensive research especially in the 
last decade, Originally the phenylethynyl-terminated imide oligomers (termed PETI) 
were formulated in an attempt to overcome the problems associated with the 
acetylene-terminated systems. Knowing that the latter can offer outstanding thermo- 
oxidative stability, researchers sought to employ alternative terminal groups that 
would still have the "acetylenic character " but would lack the narrow processing 
window that acetylene-terminated systems appeared to have. Indeed, the use of the 
phenylethynyl group as an alternative to the acetylene end-cap was proven to be a 
success mainly due to its curing characteristics. 
Typically, PETI systems are prepared from 3,3', 4,4'-biphenyttetracarboxylic 
dianhydride (BPDA), 3,4'-oxydianiline (3,4'-ODA) and 1,3-his(3- 
aminophenoxy)benzene (APB) and 4-phenylethynylphthalic anhydride (PEPA) is 
18 
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used as an end-capper. Figure 1.16 shows the typical synthetic route I*ollowed Im the 
formation of PETIs. 
0 
0,91 0 85 1 I, N 
-NI12 
0 
0.15 112N NI 1,0 
18 Oýa 
-u, - 
10 
Amic acid oligomer 
lleat 
1- 
lip 
00 
10 
-, 0- 
r-- 15 0/0 1 
-, 
l 85 % A -cr -- 
L' 
-_CO--0- 
Figure 1.16 Synthesis of PETI-5. 
The phenylethynyl bond undergoes thermal curing at temperatures higher than 
350'C, thus providing a larger processing window. Furthermore the cured polymers 
from the PETI precursors exhibit better TOS than the corresponding acetylene 
precursors 39 . On average the Tg of the cured PETIs is in the region of 300'C 
depending on the oligomers' RMM and curing conditions. Cured oligomers with 
electron withdrawing groups substituted on PEPA exhibit higher Tgs 37 . In 
fact T, s of 
ca. 4000C have been reported for cured resins derived from oligomers having electron 
withdrawing group substituents (e. g. fluorine) on PEPA 41 . The cured resins retain 
about 95% of their initial weight at temperatures up to ca. 55 OoC42,43 JG analysis). 
Isothermal weight loss studies at 3710C in air for 150011 revealed excellent TOS (ca. 
14-20% weight loss) regardless of the presence or absence of substituents on PEPA. 
The exact curing mechanism of the phenylethynyl group is not yet fully 
understood, but it is postulated that the thermal cure of PETI oligomers presumably 
proceeds predominantly by a free radical process where polyene structures are 
formed, and concomitant with their formation, branching and crosslinking also 
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occur 43,44,45. Supporting evidence that the curing process of IILTI oligomers is most 
likely to involve a chain extension rather than crosslinking is perhaps the fact that 
these resins have elongation characteristics of a thermoplastic rather than a 
thermoset43,44 . 
As with acetylene terminated imide oligomers, trimerisation of the 
phenylethynyl bond is also a possible curing path, but this process would be less 
44 favoured due to steric, hindrance arising from the phenyl group 
Fang et al. '46 recently demonstrated using solid state 
13 C NMR studies on 13C 
labelled phenylethynyl model compounds and PETI-5 (RMM 5000), that the 
predominant reaction in the curing of the phenylethynyl group is the ethynyl to 
ethynyl reaction to form double bonds and that only a small fraction of the latter 
reacts with another double bond or with an ethynyl group to form single bonds. 
Furthermore, based on the assumption that the carbonyl group does not take part in 
the curing process, subtraction analysis performed on the 13 C NMR spectra of the 
cured and uncured 13 C-labelled model compound and PETI-5 separately, revealed that 
during the curing process of the former the % of carbon double bond content 
increased from 8.3% to 88.2% and that the single bond content increased from 0% 
before curing to 8% after curing. Equally important, the authors also demonstrated 
that the double bonds formed directly from the 13 C-labeled phenylethynyl triple bonds 
were different from the double bonds in the aromatic ring structures of the starting 
material. In the case of PETI-5, there was an increase in the carbon-carbon double 
bond content from 51% before curing to 85% after curing. The authors were unable to 
determine the % content of C-C single bonds in the cured PETI-5 due to the weak 
signals arising from the low concentration of the C-C species in the polymer. The 
presence of aliphatic segments in the cured phenylethynyl model compound was also 
47 reported by Holland et al. , after studying the thermal curing chemistry of the 
phenylethynyl group using a model aryl ether imide. 
A common point observed in all the curing studies of PETI oligoirnides 
incorporating unsubstituted PEPAs is that the ethynyl bond is completely consumed 
following I hour of curing at 350-370'C in either air or N2 after which the T. of the 
48,41,5" resulting resin remains constant signalling the end of the curing reaction . In the 
case of imide oligomers with PEPAs substituted by electron-withdrawing groups, 
longer curing times and higher processing temperatures are required for curing to 
reach completion. 
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An interesting point to highlight is that on some occasions it has been reported 
that the Tgs of the PETIs cured in air were slightly higher than the corresponding 
polymers cured under N2. Although an attempt to interpret this phenomenon has never 
been made, it was suggested that oxygen is probably involved in the curing of the 
39,43 
phenylethynyl group 
PETIs have been formulated in different molecular weights ranging from 1250 up 
to 9000g/Mo]4I . The most important of these has been PETI-5 due to its better overall 
properties as compared to the others. The physical properties of the PETI oligomers 
with RMM 1250,2500 and 50OOg/mol are shown'" in table 1.3. 
Calculated RNIM 
(g/mole) 
Tv (T,,, ), 
(00 
Initial Cured 
TG analysis(air), 
5% Wt. Loss, 
(00 
1250 170(320) 288 489 
2500 210(330) 277 497 
5000 210(357) 270 503 
Table 1.3 The physical properties of the PETI oligorners. 
Although the Tg of these systems does not exceed 300T, they outperform the 
other proposed candidates in terms of "overall" mechanical and thermal properties. 
The resins and their composites are characterized by excellent mechanical properties 
such as high fracture toughness values, open hole compression strength and 
51 compressive strength after impact . However, 
improvement in processability is still a 
pending issue due to the difficulties in fabricating complex structures such as support 
frames, spars and skin stingers as a result of the limited melt flow. 
Recently, Connell et aL 52 tried to improve the melt flow behaviour of PETI-5 by 
forming blends of the resin with reactive additives. Their aim was to develop the melt 
flow by reducing the melt viscosity and the temperature at which the minimum melt 
viscosity occurred. Although the processability of the composites was not 
dramatically improved, the resin blends exhibited an increase in Tg (320T) and 
demonstrated comparable mechanical properties to those of PETI-5. 
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Summary 
The quest for the synthesis of the "perfect" resin for high temperature 
applications is still unfulfilled. Although many imide resins are available at present, 
none has fulfilled the ideal requirements for aerospace applications. Even the most 
advanced resins fabricated to date suffer from a number of deficiencies discussed 
earlier such as poor TOS, processability, microcracking, toxicity, high cost of 
monomers. However, despite the shortcomings of thermosetting polyimides, the 
interest in these systems still remains high as evident from the extensive research in 
the last decade especially in the aerospace sectors indicating the potential use of these 
as high temperature materials. Even though dramatic improvements have certainly 
been made over the years in terms of thermal and mechanical properties there is still 
need for further modifications in order for these resins to be used as ultra high 
temperature materials. Nevertheless, owing to the high interest in the research and 
development of polyimides and combined with technological improvements, it seems 
that it is only a matter of time before thermosetting polyimides are truly established as 
ultra high temperature polymers. 
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Aim of project 
The aim of this project is the formation of a thermosetting poly1mide resin system 
that can be used as a matrix in structurally advanced composites mainly for aerospace 
applications. Such a resin system should have attractive properties such as high Tv, 
(ca. 4000C) and long-term thermo-oxidative stability at 370T. 
From the discussion made in this chapter on the development of thermosetting 
polyimides, it is clear that to date nobody has succeeded in producing an advanced 
polyimide resin that has the ideal properties required for aerospace applications. A 
reaction that seems promising for achieving this goal involves biphenylene- and 
phenylethynyl-terminated imide (PETI) oligomers (see figure 1.17). Owing to the 
high thermal stability of the phenanthrene rings that might be formed (see section 
1.4.6), a crosslinking reaction between PETI- and biphenylene-terminated imide 
oligomers should produce a resin with outstanding elevated temperature properties. 
Figure 1.17 The proposed crosslinking reaction. 
As a result, the model imide compound (see figure 1.18), N-(2-biphenylenyl)-4- 
[2'-phenylethynyl]phthalimide (BPP), incorporating both the PETI- and biphenylene 
moieties was proposed for evaluation. Owing to the possible formation of 
phenanthrene links by the co-reaction between the two moieties, homopolymerisation 
of BPP by thermal initiation should have the potential to form a polyimide resin with 
good thermal properties. For the same reasons, blending BPP with a PETI-5 or 
blending PETI-5 with ftv 2-(2-[2'-biphenylenyl]-1,3-diketoisoindolin-5-yi)- 
1,1,1,3,3,3-hexafluoroPropane (BDF), a second imide model compound (see figure 
1.19) incorporating the biphenylene group at its two terminals, should also have the 
potential to form a thermally stable resin. Therefore, the scope of this study is to 
investigate and evaluate the thermal properties of BPP homopolymer, PETI-5/BPP 
blends and PETI-5/BDF blends. 
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Figure 1.18 The chemical structure of BPP. 
0 
CF3 N 
CF- 30 
Figure 1.19 The chemical structure of bis 2-(2-[2'-biphenylenyll-1,3- 
diketoisoindolin-5-yi)-], 1,1,3,3,3-hexafluoropropane (BDF). 
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APPENDIXA: Synthesis of Polyimides 
A. 1. The two step method for polyimide synthesis 
The traditional method for preparing condensation poly1mides involves the 
reaction at room temperature of a diamine and a dianhydride in a polar aprotic solvent 
such as N, N-dimethylacetamide (DMAc) or N-methy lpyrrol i di none (NMP) to yield 
the corresponding amide-acid that subsequently undergoes cyclodehydration on 
heating to form the final polyimide. This seemingly simple, two-stage process is quite 
complicated and there are a lot of factors that determine the course of the reaction 
such as reaction conditions and even the mode of monomer addition. Here, only a 
very brief account of the most important of these parameters that influence the 
synthesis of the polyimide will be given and more detailed information can be found 
in various textbooks. It should be mentioned that the information provided in this 
Appendix, is a brief summary of the full description of the synthesis of polyimides 
given in the textbook of "Polyimides" by D. Wilson, H. D. Stenzenberger and P. M 
Hergenrother (see reference 2 of chapter 1). 
A. 2. Formation of the poly(amic acid) 
In the first step of the synthesis, the poly(amic acid) is formed by the anhydride 
ring opening resulting from the nucleophilic attack of the amino group on the carbon 
of the anhydride group (see figure Al). This process is reversible and reactants and 
products are in equilibrium. 
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Figure Al. Mechanism of the poly(amic acid) formation. 
For the reverse reaction to take place (i. e. preventing the formation of the 
poly(amic acid)) the proton from the earboxyl group needs to attack the a4jacent 
amide group. Therefore any conditions or reagents that prevent the backward reaction 
would shift the equilibrium to the right and thus would favour the formation of the 
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poly(amic acid). Some of these parameters that disfavour tile reverse propagation 
reaction are listed below. 
* Use of polar aprotic solvents as a medium for the reaction since these would form 
strong hydrogen bonded complexes with the carboxyl group and therefore prevent tile 
reverse course of the reaction. 
" Poly(amic acid) formation is exothermic and therefore the acid formation is 
favoured at low temperatures. 
" The forward reaction is bimolecular whereas the reverse is unimolecular. Thus, 
increasing the concentration of the monomers favours poly(amic acids) with high 
molecular weights. Dilute solutions lead to a decreased molecular weight of 
poly(amic)acid. 
j ect qf monomer reactivity on thefiormation of poly(amic acid)s 
As stated earlier, the mechanism of the poly(amic acid) formation involves a 
nucleophilic substitution reaction at the carbonyl carbon atom of the dianhydride with 
a diamine. Therefore, the formation of the poly(amic acid) depends upon the 
electrophilicity of the carbonyl groups of the dianhydride and equally on the 
nucleophilicity of the aminon atom of the diamine. An anhydride incorporating 
electron withdrawing groups would be more electrophilic and more susceptible to 
nucleophilic attack from a given diamine compared to less electrophilic dianhydride. 
On the other hand, the reactivity trend of the diamines is ambiguous and has not been 
established. 
A. Z2. Ef jfect of reaction conditions and solvents on polyimide synthesis 
Higher molecular weight poly(amic acid)s are obtained when the dianhydride is 
added to a solution of diamines. Earlier speculations attributed this phenomenon to the 
avoidance of side reactions of the dianhydride with water or traces of impurities in the 
solvent. When the dianhydride is added second to the solution it reduces its 
availability for competing reactions with water or other impurities since it reacts faster 
with the diamine. Following that, a high molecular poly(amic acid) would be obtained 
when the minimum amount of solvent is used in the reaction since the amount of 
impurities present in the solvent would also be minimised. 
Another important factor to consider is that dianhydrides are usually added as 
solids to the reaction mixture. The solid state addition does not lead to immediate 
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dissolution of the dianhydride. The rate of dissolution itself depends on the 
concentration of the monomers and is slow. If both the dianhydride solubility and 
monomer reactivities are low, then above a certain critical concentration, tile process 
becomes diffusion controlled leading to the formation of very high molecular products 
at the beginning of the reaction, long before the dianhydride has completely dissolved 
and the stoichiometric balance has been reached. 
A. 2.3. Side reactions and otherfactors involved in the polyimide synthesis 
There are several side reactions involved in the poly(amic acid) synthesis which 
accompany the reaction and these quite often affect dramatically the molecular weight 
of the final product. 
One side reaction that cannot be completely eliminated is the reverse propagation 
reaction of the poly(amic acid) to yield the diamine and the dianhydride. Another 
important side reaction that often takes place is the one between the dianhydride and 
water. For the latter it is speculated that the reaction between the dianhydride and 
water is probably driven by the enhanced nucleophilicity of the water in the polar 
aprotic medium. Other side reactions that might take place include side reactions 
arising from solvent impurities such as amines present in the amide solvents or 
formation of isoimides by the intramolecular cyclisation of the o-carboxycarboxamide 
group generated by the addition of the diamine to the dianhydride. 
A. 3. Imidisation of poly(amic acid) to Polyimide 
Imidisation of the poly(amic acid) to the resulting polyimide can be achieved 
using two different methods, thermally or chemically. 
A. 3.1. Thermal Imidisation 
The mechanism of the thermal imidization is shown in figure A2. Thermal 
imidization is most common when the final product is desired in a film or a coating 
form. There are a number of thermal cycles utilised to achieve thermal imidization but 
generally these can be divided into two main categories. 
The first category involves heating the poly(amic acid) gradually to 250-300T 
depending on the stability and the T. of the polyimide. The second type of thermal 
cycle involves heating the poly(amic acid) mixture to 100"C and holding for lh, 
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heating from 100 T to 200 T and holding for I h, heating frorn 200 T to 300 T and 
holding for Ih and slowly cooling at roorn temperature from 300T. 
The course of the heating cycles looks simple but again, as in the case of 
poly(amic acid) formation, there are a number of factors involved in tile process 
which finally determine the degree of imidization of the polyimide. Perhaps at this 
point it should be highlighted that the imidization takes place in a very viscous 
concentrated solution (or "neat" if a film) since the residual solvent plays an important 
part in the latter stages of the imidization. 
Imidization is faster in the presence of dipolar amide solvents mainly because the 
specific solvation allows favourable conformations of the amic acid to cyclize and 
also induces the plasticizing effect that increases the mobility of the reactive 
functional groups. 
The rate of imidization is faster during the initial stages, due to the presence of 
solvent and shorter chain sizes resulting in an increase in the chain mobility. During 
the latter stages of the reaction, imidization slows down mainly due to the loss of 
solvent as a result of extended heating and also because the T. of the polymer 
increases as imidization proceeds thus decreasing the chain mobility. Furthermore 
during the later stages of the reaction, there is limited availability of suitable 
conformations for the amic acid group to decyclohydrate to an imide. The presence of 
these unfavoured conformations slows down the rate of imidization since they have to 
rearrange into suitable ones before the imidization takes place. 
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Figure A2. Mechanism of the thermal imidization. 
A. 3.2. Chemical imidization 
In the chemical imidization the poly(amic acid) solution is usually treated with a 
mixture of aliphatic carboxylic acid dianhydride and tertiary arnine at room 
temperatures. The common reagents used are acetic anhydride, pyridine and 
triethylamine. 
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The mechanism (see figure A3) of the chernical imidization involves the reaction 
of the tertiary amine with the anhydride making it more susceptible to nucleophilic 
attack. One of the most important features of the mechanism of the chemical 
imidization is the nucleophilic substitution reaction, involved during the ring closure 
of the poly(arnic acid), owing to the fact that cyclisation can occur by two different 
pathways. If the nitrogen atom is involved in tile nucleophilic attack on the carbonyl 
group (see figure A3) then the product would be an imide whereas if oxygen is 
involved the product is an isoimide that consequently rearranges to the imide. The 
final polyimide formed is often insoluble in the imidization mixture and hence 
precipitates from solution. It is possible that precipitation might occur before all the 
arnic acid groups have cyclized. Therefore a more soluble polyimide would achieve a 
higher degree of imidization. Final treatment of the product is required where the 
powder is heated briefly at temperatures below 3000C to complete imidization and 
remove residual solvents. 
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Figure A3. Mechanism of the chemical imidization. 
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Chapter 2: Synthesis of BPP Imide Monomer and Thermal 
Characterisation of BPP Resin 
This chapter gives a detailed account of the synthesis and thermal cure of the 
novel imide monomer N-(2-biphenytenyl)-4-[2-phenylethynyl]phthalimide (BPP) 
and analyses the thermal properties of the resultant polymer. 
11-1 nuclear magnetic resonance (NMR) and Fourier transform infra-red (FTIR) 
spectroscopy and mass spectrometry were used as analytical techniques to assign and 
characterise the compounds and the pre-polymer. The glass transition temperature 
(Tg) of the BPP homopolymer was determined by differential scanning calorimetry 
(DSC) and thermal mechanical analysis (TMA) while the thermo-oxidative stability 
(TOS) of the polymer was assessed by thermogravi metric (TG) analysis and 
isothermal weight loss (IWL) studies. Furthermore, in an attempt to identify the 
crosslinking chemistry of BPP, a series of diffuse reflectance spectra, commonly 
known as DRIFTS, was collected and analysed by means of statistical and 
mathematical techniques collectively called chemometrics. 
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2.1. The four-step synthesis of BPP 
2.1.1. SVnthesis of Biphenylenel 
Starting materials 
Anthranilic acid was obtained from Lancaster Chemical Company. Phosphorus 
pentoxide was purchased from Fisher Chemicals and tetrahydrofuran (THF) was 
purchased from BDH Laboratory Supplies. Isoamyl nitrite, trichloroacetic acid, 
ethylene glycol and 1,2 dichloroethane were purchased from Aldrich Chemical 
Company. 
Experimental procedure 
Owing to the hazardous nature of the intermediate diazonium sall. /brmed during 
this synthesis (benzenediazonium-2-carboxylate, when dry, detonates violently ýf 
scraped or heated), the reaction was carried out in ajumehood behind a safety screen 
having a wet sponge within easy reach to deactivate any spilled material. 
A solution of anthranilic acid (34.2 g; 250 mmole) and trichloroacetic acid (0.3 g) 
in tetrahydrofuran (THF) (250 ml) was prepared in a 600 ml beaker equipped with a 
thermometer and cooled in an ice water bath. The "brick-orange" solution formed was 
stirred magnetically and isoamyl nitrite (55 ml; 48.0 g; 410 mmole) was added over a 
period of 1-2 minutes. On adding isoamyl nitrite the solution turned orange-red, due 
to the formation of the diazonium salt and the reaction mixture was maintained at 18- 
25 T and stirred for a further 1-1.5 hours. It should be noted that, although a slightly 
exothermic reaction accompanying the formation of the diazoniurn salt is reported in 
the literature', in this case, no such observation was made. During stirring, the 
orange-red precipitate (2,2'-dicarboxydiazominobenzene) was slowly converted to 
the tan product (benzenediazonium-2-carboxylate). When the reaction was completed, 
the mixture was cooled to 10 OC and the product was collected on a plastic Buchner 
funnel and washed on the funnel with cold THF until the washings were colourless. 
The benzenediazonium-2-carboxylate was then washed twice with portions of 1,2- 
dichloroethane (50 ml) to displace the THF, and the solvent-wet material was used in 
the next step. 
The solvent-wet benzenedi azoni um-2-carboxyl ate was washed from the funnel 
into a 400 ml beaker with 1,2-dichloroethane (150 ml), dispensed from a plastic wash 
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bottle, with the aid of a plastic spatula. The resultant slurry was added during 3-5 
minutes to gently boiling, stirred 1,2-dichloroethane (1250 ml) in a 2L beaker on a 
magnetic stirrer hot plate in the fumehood. Bubbling ceased a few minutes after 
addition was completed, and the mixture displayed a clear red-brown colour 
indicating the end of the reaction. 
AIL, two-necked, round bottom flask was equipped with aIL addition funnel, a 
Claisen distillation head and water-cooled condenser. The cooled reaction mixture 
was transferred to the funnel, and enough of it was admitted to the flask to half-fill the 
latter. The 1,2-dichloroethane, b. p. 83-85 T, was distilled with the use of magnetic 
stirring to maintain even boiling; the rest of the reaction mixture was added from the 
funnel at a rate such that the flask remained half full. When 75 ml of dark residue 
remained in the flask, ethylene glycol (300 ml) was added. An air condenser (water 
flow was turned off, and the "water Jacket" of the condenser was emptied) was 
substituted for the water-cooled condenser, and distillation was carried out. A forerun, 
b. p. < 150 OC, was discarded, and the fractions, b. p. 150-197 OC, were collected. The 
condenser was periodically heated with a heat gun to prevent clogging with 
biphenylene. 
The distillate was cooled to 10 T, and the product was collected by suction 
filtration, washed with cold ethylene glycol (10-15 in]) and several times with water 
(total 250 ml), and dried at atmospheric pressure over phosphorus pentoxide. The 
yield of biphenylene (white, needle-like crystals), m. p. 105-109 OC (literature value: 
109-112 'Q was 12-14%. Calculated for C12HS: C 94.70%, H 5.30%. Found: C 
94.56%, H 5.13%. The reaction scheme for the synthesis of biphenylene is shown in 
figure 2.1. 
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Figure 2.1 Reaction scheme for the synthesis of Biphenylene. 
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2.1.2. Synthesis of 2-acetylbiphetylene 
Starting materials 
Aluminium chloride anhydrous powder 99% and acetic anhydride were obtained 
from Lancaster Chemical Company. Sodium bicarbonate and sodium chloride were 
purchased from Fisher Chemicals. Dichloromethane (DCM), sodium sulphate and 
hydrochloric acid were purchased from BDH Laboratory Supplies. DCM was purified 
by pre-drying first with calcium chloride and distilling from calcium hydride 3. 
Experimental procedure 
To a slurry of aluminiurn chloride (12.7 g; 95 mmol) in dry dichloromethane (42 
ml) at 0 OC was added dropwise dry, distilled acetic anhydride (4.6 ml; 5.0 g; 49 
mmol). After stirring for Ih at 0 'C, the mixture was canulated over 30 min. into a 
solution of biphenylene (6.3 g; 41 mmol) in dry dichloromethane (55 ml) and it was 
then cooled to -30 OC for 1.5 h and allowed to warm to room temperature. The 
mixture was poured into a mixture of ice (300 g) and hydrochloric acid (200 ml) and 
extracted with dichloromethane Qx 200 ml). The dichloromethane extracts were 
combined and washed with water (200 ml), saturated aqueous sodium bicarbonate 
(200 ml), again with water (200 ml), and finally with saturated aqueous sodium 
chloride (200 ml). The solution was dried over sodium sulphate. Removal of the 
solvent under reduced pressure afforded a solid, which was purified by flash 
chromatography (230-400 mesh silica gel, 25% hexane in dichloromethane). 
Recrystallization 4 of the solid with aqueous ethanol afforded 2-acetylbiphenylene as 
bright yellow crystals with m. p. 131-133 T (literature value 2: 134-136 OC) at 63-65% 
yield. Calculated for C14HIoO: C 86.57%, H 5.19%. Found: C 86.25%, H 4.93%. The 
reaction scheme for the synthesis of 2-acetylbiphenylene is shown in figure 2.2. 
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Figure 2.2 Reaction scheme for the synthesis of 2-acetylbiphenylene. 
Z1.3. Synthesis of 2-aminobiphenylene 5 
Attempts to synthesise 2-aminobiphenylene by the Schmidt rearrangement of 2- 
acetylbiphenylene using trichloroacetic acid as a solvent and catalyst were 
unsuccessful and the yields of 2-aminobiphenylene were negligible. However, the 
synthesis was successful when trichloroacetic acid was replaced with the stronger 
trifluoroacetic acid. The synthetic method described below is almost identical to the 
one reported in the literature 5 but it makes use of trifluoroacetic acid rather than 
trichloroacetic acid. 
Starting materials 
Sodium azide was obtained from Lancaster Chemical Company and toluene, 
together with ammonium hydroxide and trichloroacetic acid, were purchased from 
Fisher Chemicals. Hydrochloric acid, sodium hydroxide, sodium sulphate, petroleum 
ether (40-60), magnesium sulphate and diethyl ether were purchased from BDH 
Laboratory Supplies. Diethyl ether was dried overnight over sodium wire. 
Experimental procedu e 
To a solution of 2-acetylbiphenylene (4.0 g; 21 mmol) in trifluoroacetic acid 
(72.0 g) at 70 T, sodium azide (2.0 g; 31mmol) was added in one portion. Nitrogen 
evolution began at once (due to the rearrangement-see figure 2.3). After I h, the 
nitrogen evolution had ceased, and another portion of sodium azide (2.0 g) was added. 
The solution was maintained at 70 T under static nitrogen atmosphere for 6 h, at 
37 
Chapter 2 
which time it was poured into ice (100 g) and extracted with toluene (750 ml). The 
toluene layer was washed with 10% aqueous hydrochloric acid (100 ml), 10% 
aqueous sodium hydroxide (2 x 100 ml) and water (200 in)) and dried over sodium 
sulphate. Removal of toluene and washing of the residue with petroleum ether (40-60) 
(500 ml), afforded the crude N-(2-biphenylene)acetamide. A solution of the crude 
amide in ethanol (200 ml) and cone. hydrochloric acid (8 ml) was heated to the reflux 
temperature for 24 h. Ethanol was then removed under reduced pressure and the 
resulting solid was washed with dry ether. The solid was partially dissolved in hot 
water (300 ml), filtered, and basified with ammonium hydroxide to give a cloudy, 
yellow solution. The product was removed from water by repeatedly extracting with 
ether. The solution was dried over magnesium sulphate. Removal of the solvent under 
reduced pressure and sublimation of the residue at 100 OC (0.05 mmHg) afforded 2- 
aminobiphenylene as bright yellow crystals having melting point 118-120T 
(literature value": 124-125 OC). The yield of 2-aminobiphenylene varied from 55-57%. 
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Figure 2.3 The "Schmidt" rearrangement of 2-acety)biphenylene to 2- 
aminobiphenylene. 
ZIA The two imidisation routes to BPP 
BPP was synthesised by two routes, (a) directly from the intermediate N-(2- 
biphenylene)acetamide and (b) from 2-aminobiphenylene. 
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2.1.4.1.7'he N-(2-biphenylene)acelamide roule 
Starting materials 
N-(2-biphenylene)acetamide was synthesised as described in the synthesis ol'2- 
aminobiphenylene and it was purified by recrystallisation from water (yield ca. 70%). 
Acetic acid 99+% was purchased from BDH Laboratory Supplies and chloroacctic 
acid 99+% was purchased from Aldrich Chemical Company. 4-phenylethynylphthalic 
anhydride (4-PEPA) was provided by NASA Langley Research Centre. 
Experimental Procedure 
N-(2-biphenytene)acetamide (0.5g; 2.4 mmol), acetic acid (5 ml), 4-PEPA (0.6g; 
2.4 mmol) and chloroacetic acid (0.5g) were added into a one neck round-bottom 
flask (50ml) equipped with a magnetic stirrer, nitrogen inlet (bubbler), Dean-Stark 
trap, and reflux condenser. The solution was then heated under reflux in a silicone oil 
bath for 30h. The reaction mixture was allowed to cool overnight to room temperature 
and the product separated out (product started precipitating out during refluxing) as 
yellow crystals. The mixture was filtered on a Buchner funnel and the solid was 
washed several times with water (200ml) to afford 0.2g (40% yield) of N-(2- 
biphenylenyl)-4-[2'-phenylethynyl]phthalimide (BPP) (DSC: m. p 278-280 OC). 
2.1.4.2. The amine route 
Starting materials 
Anhydrous dimethylacetamide 99.9% (DMac) and toluene were purchased from 
Aldrich Chemical Company. The latter was dried by distillation under nitrogen in the 
presence of sodium benzophenone ketyl. Anhydrous diethyl ether (99+%) was 
purchased from BDH Laboratory Supplies. NASA Langley Research Centre provided 
4-PEPA. 
Experimental Procedure 
4-PEPA (2.17g; 8.74 mmol) and 2-aminobiphenylene (1.46g; 8.74 mmol) were 
added with DMAc (I 5ml) and dry toluene (I 5ml) to a one neck, round-bottom flask 
equipped (50ml) with a magnetic stirrer, nitrogen inlet (bubbler), Dean-Stark trap, and 
reflux condenser. The mixture was heated at 160"C, using a silicone oil bath, for 12h 
and it was then allowed to coot to room temperature. The product precipitated out 
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upon cooling as fine powder (see figure 2.4). The powder was then washed with 
excess anhydrous diethyl ether and allowed to dry (in air) for 6 hours. The imide was 
then dried under vacuum at 120 OC for 24h to afford yields greater than 90% (DSC: 
m. p. 278-2800C). Calculated for C2817115NO2: C 84.6%, 11 3.8%, N 3.52%. Found: C 
84.77%, H 3.33%, N 3.37%. 
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Figure 2.4 The synthesis of BPP using the 2-aminobiphenylene route. 
2.1.5. Problems encountered in the synthesis of BPP 
BPP was synthesised by following the amine route described in the previous 
sections. From a theoretical point of view, the process was easy and fairly 
straightforward but in practice it was the opposite and far from trivial due to a number 
of difficulties encountered in the various synthetic stages. 
Firstly, in the case of biphenylene, the reaction yield was very poor. Furthermore, 
for safety reasons, due to the explosive nature of the diazoniurn intermediate, scaling 
up of the reaction was not possible and therefore the synthesis had to be repeated 
several times in order to produce the appropriate amounts of biphenylene needed for 
the subsequent synthesis of 2-acetylbiphenylene. Although this step was undoubtedly 
the overall yield limiting part of the process, compared to other reported existing 
routes to biphenylene 6,7 , none is capable of producing better yields than the one 
reported here. 
The synthesis of 2-aminobiphenylene was perhaps the most puzzling step. In the 
literature, 2-arninobiphenylene is prepared from the acetyl derivative using 
trichloroacetic acid as solvent and catalyst through the Schmidt rearrangement. When 
the literature method was followed, the yields of 2-ai-ninobiphenylene were negligible 
and the source of the problem looked to be the formation of N-(2- 
biphenylene)acetamide and in particular the efficiency of the rearrangement. 
Nevertheless, following the failure in synthesising 2-aminobiphenylene, the 
synthesis of BPP was attempted successfully directly from the intermediate 
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acetamide. The latter was synthesised by replacing trichloroacetic acid with tile 
stronger trifluoroacetic acid aiming to facilitate the rearrangement and overcome the 
previously observed problems associated with the formation of tile N-(2- 
biphenylene)acetamide. Indeed, trifluoroacetic acid was shown to be more effective 
than trichloroacetic acid because it resulted in the formation of the acetamide as a 
fine, pale brown powder in contrast to the dark gummy product obtained when using 
trichloroacetic acid. Subsequently, it was found that 2-aminobiphenylene could also 
be formed from this purer acetamide intermediate in yields comparable to those 
described in the literature and it was thereafter used as the main route for the synthesis 
of the BPP monomer. 
2.2. Principles of spectrometric and thermal analysis techniques 
In this section a brief description of the principles of the spectrometric (Fourier 
transform infra-red and nuclear magnetic resonance spectroscopy and mass 
spectrometry) and thermal techniques (differential scanning calorimetry, thermal 
mechanical analysis, thermogravimetric analysis) employed for the identification of 
compounds and characterisation of the thermal properties of the BPP homopolymer is 
given. 
2.2.1. Fourier transform infra-Red (FTIR) spectroscopy 8 
Infra-red (IR) spectroscopy is an excellent technique for identifying organic 
compounds. In this technique, IR radiation (IR region is the region between the visible 
and the microwave region) is emitted by the IR spectrometer (produced by electrically 
heating a source, often a Nerst filament, to 1000-18000C) and is absorbed by the 
organic molecule under examination. Depending on the radiation frequency, the 
molecule converts the radiation into either energy of molecular rotation (if frequency 
less than 100 cm-1; spectrum consists of lines) or energy of rotational and molecular 
vibration (if frequency 10000-100cm-1; spectrum consists of bands). Molecular 
vibrations involve stretching and bending and only the ones that result in a rhythmical 
change in the dipole moment of the molecule are apparent in the IR. 
The frequency or wavelength of absorption is directly proportional to tile relative 
masses and geometry of the atoms and to the force constants of' the bonds. The 
intensity of absorption is expressed either as transmittance (T) or absorbance (A). Tile 
former is the ratio of the radiant power transmitted by a sample to the radiant power 
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incident to the sample. On the other hand, absorbance is the logarithm to the base 10 
of the reciprocal of transmittance. 
It is rather unusual that two different molecules will give rise to identical IR 
spectra (except enantiomers) and perhaps the most informative bands in the IR are tile 
ones appearing in the region 4000-400cm-1 (the mid infra-red). 
2.2.2. Diffuse reflectance infra-red Fourier Transform spectroscopy (DRIFTS)9 
Diffuse reflectance is a very useful and sensitive technique for analysing samples 
in the IR region and is based on the different interactions that can occur between a 
sample and an incident IR beam. An IR beam can interact with a powder sample in 
one of several ways: 
0 radiation can be reflected from the top surface of the particle without penetrating 
the particle; or 
0 radiation can undergo several reflections off particle surfaces without penetrating 
into the particle (also called diffuse specular reflectance); or 
0 radiation can penetrate into one or more particles and consequently scatter from 
the sample matrix (also called true diffuse reflectance). 
Consequently, the resulting radiation, that carries information about the 
absorption characteristics of the sample, emerges from the sample matrix and is 
directed by an assembly of mirrors back to the detector in the spectrometer which 
records the radiation as an interferograrn signal that is used to generate a spectrum. 
The main advantage of DRIFTS is that it requires minimal or no sample 
preparation and is thus applicable for a range of sample concentrations from parts per 
million to neat. 
2.2-3. 'H Nuclear Magnetic Resonance (NMR) spectroscopy 
Like FTIR, 1H NMR spectroscopy, is another absorption technique for identifying 
organic compounds. The theory behind NMR is quite complicated and beyond the 
scope of this thesis and relevant information can be found in various text books'O. 
Briefly, NMR spectroscopy makes use of the fact that all nuclei carry a charge. In 
some nuclei this charge spins around the nuclear axis forming a dipole moment 
around it. When a particular nucleus possessing a dipole moment is subjected to a 
magnetic field and electromagnetic radiation is applied to it, the nucleus absorbs this 
42 
( 'hopler 2 
radiation and generates a resonance having energy characteristic ofthe nucleus and of' 
the strength of the applied field. 
Different nuclei give different signals. The strength of these signals, in tile NMR 
spectrum, can be used to estimate the number of resonating nuclei present since for a 
given nuclear species the strength of the NMR signal is directly proportional to the 
number of resonating nuclei. 
2.2.4. Mass spectrometry' I 
Mass spectrometry is a powerful analytical technique by which chemical 
substances can be identified by the arrangement of gaseous ions in electric and 
magnetic fields. Mass spectrometry, under suitable experimental conditions, can 
calculate accurately the mass of ions, the presence of different isotopes and relative 
abundance of ions in a mixture. 
A mass spectrometer operates under high vacuum and mainly consists of four 
parts: 
I. the handling system, where the unknown sample is introduced into the machine; 
2. the ion source from which a beam of charged particles characteristic of the 
unknown sample is produced; 
3. the analyser which separates the particles in the beam according to their mass; and 
4. the detector that collects and analyses the separated particle beams. 
Different types of mass analysers such as the magnetic, time-of-flight and 
quadrupole analysers can accomplish separation of the particles. In the case of 
magnetic analysis, the ions are accelerated by an electric field and passed into a 
magnetic field. Under the influence of the latter, the charged particles will follow a 
curved path proportional to the speed of the particle and dependent on its mass-to- 
charge ratio (m/z). By varying the accelerating voltage or the magnetic field, the ions 
having different m/z ratios are collected and this yields a plot of numbers of ions at 
various masses (mass spectrum). 
Using mass spectrometry, organic chemicals can be made to produce a spectrum 
of ions from the fragmenting of the parent molecule and by identifying the fragments 
according to their masses and relative abundances, tile structure of the original 
molecule can be established. 
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ZZ5. Differential scanning calorimetrv (DSO 12 
DSC is one of the most common techniques used in the study of polymers. In this 
technique, sample and reference are subjected to a controlled heating programme 
(dynamic or isothermal), while keeping their temperatures the same and measuring 
the compensated heat flux that keeps the temperature of the sample within the limits 
of a predetermined programme. The experimental DSC curves show the heat flux in 
millijoules per second (in J s-1) or the specific heat capacity Cp in joules per gram per 
Kelvin (J g-1 K-1) against the temperature (in isothermal experiments against time). 
DSC can be used for monitoring the course of exothermic reactions involved in the 
cure of polymers and furthermore, it can give data of thermal transitions such as the 
glass transition temperature (Tg). 
A typical calorimeter (see figure 2.5) consists of a block chamber with an 
external heater. The chamber contains a constantan disk with raised platforms for the 
sample and reference containers (empty DSC pans). The temperature difference 
between sample and reference is monitored by area thermocouples formed by the 
constantan disc and chromel wafers under the platforms. The quantity of heat per unit 
time i. e. the heat flux needed for this (or the 'thermal power'), dq/dt, is recorded as a 
function of temperature. 
Sample 
pan 
Relýrence 
pan 
Chrome] 
disc 
Alumel wire 
I'liermocouple junction 
Fhermoelectric disc 
Constantan) 
Figure 2.5 Schematic representation of a DSC instrument. 
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2.2.6. Thermal mechanical analysis (TMA) 12 
Thermodilatometry is a technique that is capable ofineasuring the expansion or 
contraction of a sample under minor loads. Using this technique, important 
information can be retrieved (such as TJ by measuring the penetration, expansion or 
12 
contraction, of a sample under a small load or tension as a function of temperature 
This "family" of techniques, including flexure and torsional measurements, is 
classified as thermomechanical analysis TMA. There are two different types of 
experiments that can be performed using TMA. The first involves measurement of 
dilation by varying the temperature over a constant load and the second involves 
measurement of dilation by keeping the temperature constant and varying the load. 
For the purposes of this project (for Tg measurements), only the first type of 
experiment was performed using the penetration mode. A schematic representation of 
12 the apparatus , using the penetration mode, employed to perform the experiments is 
shown in figure 2.6. 
Probe 
)port 
Figure 2.6 Schematic representation of a TMA instrument. 
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2.2.7. Thermogravimetric (TG) analysis 13 
Thermogravimetric analysis is a thermal analysis technique that monitors changes 
in the weight of a sample as a function of temperature (dynamic mode) or time (static 
mode). TG is one of the most common techniques used to evaluate the degradation 
temperatures of polymers. 
Briefly, a sample of the order of several milligrammes is placed in a tared 
platinum pan, which is attached to a sensitive microbalance by the means of a thin, 
"hook like" platinum wire. Subsequently, a mobile, high temperature oven surrounds 
and heats the pan at pre-set rate. Following that, the sensitive microbalance measures 
and monitors changes in the sample weight (losses or gains) as heat is applied to the 
sample. In the dynamic mode, the sample is heated at a constant pre-set rate while in 
the static mode the sample is heated at a constant temperature (isothermally). In both 
cases, the weight loss profiles can be determined and important information is 
obtained such as the amount or percent of the sample's weight loss at any given 
temperature or the amount or percent of non-combusted residue at the final 
temperature. Furthermore, TG can provide important information about the 
temperatures at which various sample degradation processes occur under different 
atmospheres. 
2.3. Spectroscopic identification of compounds ad BPP monomer 
This section deals with the assignment of the FTIR and 1H NMR spectra of BPP 
and precursors and in addition includes the mass spectrum of the monomer. All the 
FTIR spectra of the compounds (in the form of KBr disks) were recorded by using a 
Perkin Elmer/System 2000 FT-IR spectrometer whereas the 11-1 NMR spectra were 
recorded in CDC13 (at 299K) by using a Bruker AC-300 spectrometer operating at 
300.15 MHz. 
2.3.1. The FTIR spectrum qf2-acetylbiphenylene 
By considering the structure of the 2-acetylbiphenylene, the expected bands in tile 
IR spectrum were divided into two categories: 
I- the bands characteristic of the biphenylene ring; and 
2. the bands characteristic of the carbonyl group. 
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Following that, distinctive band frequencies were used as "flags" for the presence 
or the absence of a characteristic group and the assignments of the absorption bands 
of the IR spectrum of 2-acetylbiphenylene (figure 2.7) are shown in table 2.1. 
3900 3400 2900 2400 1900 1400 900 
Wavelength (cm") 
Figure 2.7 The IR spectrum of 2-acetylbiphenylene (KBr). 
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Position Intensity 
Assignment 
(Cm-) (T) 
3020-3000 Weak Due to aromatic C-H stretching 
Due to aliphatic C-H stretching of the methylene 
2900-2800 Weak 
group 
1667 V. Strong Due to C=O stretching 
Probably due to the C-11 out of plane bending 
1562 Medium-Weak 
vibration of 1,2,4 trisubstituted benzene ring 
1413 Medium Probably due to C=C ring stretch' 
Probably due to C-11 asymmetric bending 
1378 Weak 
vibration of the methylene group 
Probably due to C-H symmetric bending 
1353 Weak-Medium 
vibration of the methylene group 
Probably due to the C-11 bending of 1,2, 
839 Medium 
I d ibstituted benzene ring 
Table 2.1 Assignment of the absorption bands in the IR spectrum of 2- 
acetylbiphenylene. 
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2.3-2. The FTIR spectrum of 2-aminobiphenylene 
The absence of the strong absorption band at approximately 1700 cm-1 in tile IR 
spectrum of 2-aminobiphenylene indicated that the Schmidt rearrangement of the 
acetyl group to an amine had occurred (see figure 2.9). Furthermore, the two weak 
absorption bands, displayed at 3400 and 3300 cm- 1, represent the asymmetrical and 
symmetrical N-H stretching modes respectively and the band of medium intensity at 
approximately 1620 cm-1 most probably represents the N-H bending vibration. 
3900 3400 2900 2400 1900 1400 900 
W-1-gth('. ') 
Figure 2.8 The IR spectrum of 2-aminobiphenylene (KBr). 
Z3.3. The FTIR spectrum of BPP monomer 
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In the IR spectrum of BPP (see figure 2.9), the presence of the strong asymmetric 
and symmetric carbonyl absorption bands at 1780cm-1 and 1710cm- I respectively 
provided evidence for the formation of the BPP imide ring. Furthermore, the presence 
of the weak absorption band near 2215cm-1 due to the stretching vibration of the 
ethynyl carbon-carbon triple bond together with the absence of the N-H stretching at 
3400 and 3300cm" was an additional indication that 2-aminobiphenylene had 
completely reacted with 4-PEPA to form BPP. The bands from the IR spectrum of' 
BPP are listed and assigned in table 2.2. 
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3900 3400 2900 2400 1900 1400 900 
ARVOMgth (- ') 
Figure 2.9 The IR spectrum of BPP (KBr). 
30 
20 
-0 400 
Position 
Intensity Assignment 
(Cm- I) 
3054 Weak Due to aromatic C-H stretching 
Due to the ethynyl triple bond stretching 2215 Weak 
vibration 
1780 Medium Due to the asymmetric C=O stretching vibration 
1710 Strong Due to the symmetric C=O stretching vibration 
Probably due to the C-H out of plane bending 1611 Medium-Strong 
vibration of 1,2,4 trisubstituted benzene ring 
robably due to the C-H out of plane bending 1495 Weak-medium 
vibration of 1,2,4 trisubstituted benzene ring 
Probably due to the C-H out of plane bending 1108 Weak-medium 
vibration of the monosubstituted benzene ring 
Probably due to the C-11 out of plane bending 1088 Medium 
vibration of the monosubstituted benzene ring 
Probably due to the C-1-1 bending of 1,2, 739 Medium 
disubstituted benzene ring 
Table 2.2 Assignments of the absorption bands in the IR spectrum of BPP. 
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2.3.4. The 'H NMR spectrum of biphenviene 
As expected, the 1H NMR spectrum of biphenylene (see figure 2.10,2.11) 
comprised only aromatic signals due to the absence of any aliphatic hydrogen atorns 
in the molecule. Owing to the symmetry of the molecule (see figure 2.12), the 
spectrum was symmetric, apparently consisting of two parts each involving a doublet 
of doublets at approximately (J=6.73 and 6=6.63. 
Figure 2.10 The 1H NMR spectrum of biphenylene. 
6 75 670 665 6 60 PPM 
Figure 2.11 Expanded aromatic region of the 1H NMR spectrum of biphenylene. 
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Figure 2.12 The symmetric structure of biphenylene 
From figure 2.12, it is clear that A and A' protons are chemically equivalent but 
magnetically inequivalent because the frequency of coupling of A with B (orlho- 
position) is bigger than that of A coupled with B' (meta- position). Similarly, B and 
B' protons are also chemically equivalent but magnetically inequivalent. Therefore, 
JAA, and JBB' should also be taken under consideration. Thus, the 'H NMR spectrum of 
biphenylene is an AA'BB' type spectrum. 
Although, at a first glance, assignment of the spectrum of biphenylene looks 
simple (see figure 2.10), close inspection of the aromatic region of the spectrum (see 
figure 2.11) reveals additional splittings at 6= 6.60-6.61,6= 6.67-6.68,6= 6.70-6.71 
and 6= 6.67-6.78 that make the spectrum of biphenylene very complex and difficult to 
assign. Nevertheless, the fact that the spectrum integration is consistent with the 
number of protons of biphenylene, indicates that the 1H NMR spectrum obtained is a 
reflection of biphenylene. 
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23.5. The 1H NMR spectrum of 2-acetvlbiphenvien 
The presence of the acetyl moiety on the biphenylene ring system made tile 
assignment ofthe 1H NMR spectrum of 2-acetylbiphenylene (see figure 2.13a, 2.13b) 
much more complicated compared to that of biphcnylene, due to the abscnce ofany 
axis of symmetry. 
The appearance of a sharp singlet in the aliphatic part of' the spectrurn, at 
approximately 2.1 ppm was definitely due to the methyl protons and is strong 
evidence that the acylation of the biphenylene ring system had been successful. On 
the other part of the spectrum, in the aromatic region, and in particular in the region of' 
7.0-6.5ppm, the assignment of the NMR signals became a much more difficult task 
due to the complexity of the overlapping multiplets present in the region. The 
presence of two doublets at 6=7.4-7.5 ppm was most probably due to the coupling 
between H6 with H5 0116415= IA Hz) and vice versa. The signal at approximately 6 =7.2 
pprn was probably due to the resonance of H7. Furthermore, the fiact that the 
integration of the spectrum is consistent with the number of protons present in the 
molecule of 2-acetylbiphenylene proves beyond any doubt that the 'H NMR spectrum 
obtained is indeed a reflection of 2-acetylbiphenylene. 
H2 
H3 
H4 115 
Signal due to dmolved 
ý%alcr in deuterated 
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/ 
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Figure 2.13a The 'H NMR spectrum of 2-acetylbiphenylene. 
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Figure 2.13b Expanded aromatic region of the lH NMR spectrum of 2- 
acetylbiphenylene. 
Z3.6. The 'HNMR spectrum qf 2-aminobiphenylene 
As with the lH NMR spectrum of 2-acetylbiphenylene, the spectrum of 2- 
aminobiphenylene (see figure 2.14a, 2.14b) is also complicated and assignment of 
every chemical shift is impossible. 
The presence of a broad signal at approximately 3.6ppm suggests the presence of 
protons attached to a heteroatorn such as nitrogen. Owing to the fact that these types 
of protons are exchangeable 8 and they are subject to hydrogen bonding, a solution of 
2-aminobiphenylene in CDC13 was shaken vigorously for a several seconds with a few 
drops of D20. As a result of this, when the 'H NMR spectrum was rescanned, the 
broad signal at 3.6ppm vanished confirming the presence of terminal protons attached 
to nitrogen. 
As in the case of 2-acetylbiphenylene, the lH NMR spectrum of 2- 
aminobiphenylene also exhibits a set of overlapping multiplets in the aromatic region 
(6=5.9-6.7 ppm) that are difficult to assign. However, the spectrum integration 
indicates that the overlapping multiplets were a result of the coupling of the seven 
non-equivalent protons present in the molecule of 2-aminobiphenylene. 
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Figure 2.14a The 1H NMR spectrum of 2-aminobiphenylene. 
6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 PPM 
Figure 2.14b Expanded aromatic region of the 1H NMR spectrum of 2- 
aminobiphenylene. 
Z3.7. The lHNMR spectrum ofBPP monomer 
The BPP monomer, like most imides incorporating the phenylethynyl group in 
their molecules, was solvent resistant 14,15 and exhibited poor solubility in all common 
NMR solvents. Unfortunately, the partial solubility that BPP exhibited in CDC13 Was 
a barrier to producing a fairly clear 11-1 NMR spectrum free from background noise 
(see figure 2.15a). The spectrum mainly consisted of signals characteristic of the 
groups arising from the BPP precursors (2-aminobiphenylene and 4-PEPA). 
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The aromatic signals (see figure 2.15b) in the region 6.6. -6.9ppm were due to the 
coupling between the seven protons attached on the biphenylene ring whereas the 
signals in the region 7.3-8.0 ppm were due to coupling between the remaining eight 
protons originating from 4-PEPA. 
Figure 2.15a The 1H NMR spectrum of BPP. 
Figure 2.15b Expanded aromatic region of the 'H NMR spectrum of BPP. 
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Z3.8. The Mass spectrum of BPP monomer 
Mass spectrometry was the final spectrometric identification technique used to 
prove that the synthesis of BPP was successful. The electron impact (EI) mass 
spectrum of BPP dissolved in 3-nitrobenzyl alcohol (NOBA matrix) was recorded 
(see figure 2.16) by the EPSRC National Mass Spectrometry Service Centre using a 
Micromass Quattro 11 triple quadrupole instrument. 
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Figure 2.16 The electron impact (EI) mass spectrum of BPP. 
The most important information in the El spectrum was provided by the parent 
ion peak at m/z 397 that verified without any doubt the presence of BPP (RMM. 397). 
Several other fragmentations derived from BPP were also identified, the most 
important of which were m/z 105 due to PhC+O, m/z 119 due to [PhCON]+, m/z 165 
due to [C12H8N]'and m/z 292 due to [C21H I NO]+. 
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2.4. Thermal and curinu characteristics of BPP 
The thermal properties of the cured model compound were evaluated by 
differential scanning calorimetry (DSC) and thermal mechanical analysis (TMA) 
while thermogravimetric (TG) analysis and Isothermal ageing weight loss OWL) 
studies were used to assess the thermo-oxi dative stability (TOS) and decomposition 
temperature (Td) of the BPP homopolymer. 
The solvent resistance of the BPP polymer acted as a limiting barrier for the 
selection of a suitable technique to study the curing behaviour of the monomer. For 
this reason only FTIR and DRIFTS were used to follow the curing features of BPP. 
24.1. Sample preparation and experimental conditions 
The Tg studies of the cured BPP were conducted using DSC and TMA. In the 
case of DSC, BPP (3-5mg) powder samples were prepared in hermetically-sealed 
aluminium pans and they were then were placed in Pyrex test tubes. A nitrogen stream 
was flushed in the tubes for two minutes in order to ensure that all the oxygen was 
driven off and the tubes were then cut and sealed by means of an oxygen flame 
bumer. The samples were then placed in a high temperature oven and allowed to 
cure. The curing temperatures used were 370 OC and 400 T and the time at which the 
samples were left to cure at both temperatures varied from 30 minutes up to 16 hours. 
The thermal cure of the compound and glass transition temperature (Tg) 
measurements were studied by using a TA calorimeter (TA Instruments DSC 2920) at 
a heating rate of 10 Kmin-1 under nitrogen atmosphere at a flow rate of 40ml/min. The 
temperature range used to scan the samples was 25-500"C. The temperatures were 
calibrated by using indium and zinc standards. 
In TMA, BPP resin disks were prepared using open DSC aluminium pans. BPP 
powder samples were added in open DSC aluminium pans and they were then placed 
in Pyrex test tubes. The nitrogen stream was carefully flushed (caution was taken 
when nitrogen was flushed in the tubes to avoid spreading the powder samples out of 
the pans) in the tubes for two minutes in order to ensure that all the oxygen was driven 
off and the tubes were then cut and sealed by means of an oxygen flaine burner. The 
samples were then placed in a high temperature oven and allowed to cure under the 
same conditions (temperature, time) as the ones used for the DSC samples. TMA was 
performed on a Perkin Elmer TMA-7 instrument. The samples in the form of disks 
were mounted using the I-mm parallel plate quartz measuring system (penetration 
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probe). The heating rate was programmed at 10 Knim-1 and the softening temperature 
(analyzed in helium; flow rate 80mimin-1) was recorded (the softening temperature is 
taken as the temperature at which the I -mm probe penetrates I min Into tile sample). 
The point on the TMA curve where the probe began to penetrate the sample (indicated 
by a sudden change in the probe position) represented the softening temperature on a 
TMA thermogram. 
The TOS and Td of the cured BPP resin were examined by using TG and 
isothermal ageing weight loss studies (IWL). TG was performed on a Perkin Elmer 
TGA-7 instrument in air whereas the IWL studies were performed in a Pyrotherm 
high temperature oven. The preparation of the samples for TG analysis was made in 
the same fashion as described for TMA and the curing temperatures used were 3 70 OC 
and 400 OC for Ih up to 16h. TG analysis was carried out in both dynamic and static 
mode. In dynamic testing, BPP powder samples were used (prepared by grinding the 
BPP neat resin disks formed in the DSC pans using a pestle and mortar) and for the 
static testing, the as-formed in the DSC pans resin disks were used. The temperature 
programme used for the dynamic condition involved scanning from 40'C to I 000"C at 
a rate of 20Kmin-1 whereas for the static mode the temperature programme involved 
heating to 370'C at a heating rate of 20OKmin-1 and then holding isothermally for 5h- 
100h. For the IWL studies, a sample (20mg) was prepared in an open DSC pan and 
cured at 400'C under N2 for 16h. The resulting polymer, in the form of a disk, was 
placed in a high temperature oven and heated at 3700C in air over a period of 13 days 
at which the weight of the sample was recorded at regular time intervals. 
Z4.2. DSC and TMA of BPP 
The DSC scan of the uncured BPP (see figure 2.17a) exhibited a sharp melting 
endotherm at about NOT and an exothermic peak between 330-430T, which was an 
indication of the homopolymerisation process of the monomer. A DSC re-scan of the 
cured BPP was also performed in order to detect the glass transition temperature (TO 
of the homopolymer. As expected, the signals due to the melting or polymerisation of 
BPP were absent in the re-scan (see figure 2.17b) plot. This strongly suggested that 
BPP was fully cured. Suprisingly, however, the thermogram did not reveal an obvious 
Tg as expected. In fact, it consisted only of a "drifting line" where the Tg was difficult 
to determine. T. is the temperature at which chain segments start to move as the 
polymer changes from the glassy state to the rubbery state. The higher the degree of 
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crossfinking and entanglement of the polymer chains tile harder it is I'or the polymer 
chains to move. Perhaps the reason that the T. of the cured B1311 was not obvious, and 
consequently not detectable in the plot, was the high degree of crosslinking. 
Presumably, the motion within the chain segments was limited' 6 and insufficient to 
produce an endothermic transition large enough to be exposed by DSC. 
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Figure 2.17a The DSC plot of the uncured BPP. 
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Figure 2.17b The DSC plot of the cured in the DSC instrument BPP. 
Further attempts to detect the T. of the BPP homopolymer using DSC were 
carried out for the samples cured at 3700C (see figure 2.18) and 400T at curing times 
ranging from 0.5h to 16h. Unfortunately, in all cases the results were the same. Except 
for the plot of BPP cured for 0.5h at 3700C, all the others consisted of multiple line 
drifts without revealing an obvious Tg, This behaviour was somehow expected, 
considering the DSC plot of BPP cured at 370'C for lh and that longer curing times 
might lead to an increase in the crosslinking and entanglement of the polymer chains. 
In the case of BPP cured for 0.5h at 3700C, unlike all the other samples cured for 
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longer times, this exhibited an exothermic event in the region 350-400"('. which 
looked like a polymerisation process. This was probably an indication that 131111 was 
not completely cured after 0.5h at 370T and that there were still some groups 
reacting. 
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Figure 2.18 DSC plots of BPP cured at 370'C for 0.5-16h. 
Perhaps an interesting point to highlight here is the close resemblance. in the 
region of ca. 340T. of the DSC thermograms ofthe monomer cured at 3 70T tor I h. 
4h and 8h. In all three cases. there was a very weak thermal event Occurring just 
below 350T. and although just a possibility, it might have been due to the T. of the 
polymer. 
This assumption was verified by TMA since the T. studies on the cured monomer 
using TMA were much clearer and informative than the corresponding DSC L- 
thermograms and revealed that the '17, of the cured monomer was indeed high. In all 
cases the onset temperature in which the probe started penetrating the surtace of the 
polymer, thus reflecting the T- was higher than 300T (see ligure 2.19) reaching a 
maximum temperature when BPP was cured at 400T in N2 for l6h (see figure 2.20). 
In the latter. the T. was found to be close to 450T. Because of the extremely high T 
that BPP exhibited compared to similar phenylethynyl terminated irnide (PETI) 
17,18 systerns . the same sample was tested four times using TMA in order to validate 
the result and consequently establish the T. of BPI". In all four cases the change in tile 
probe position occurred close to 450T confirming the T,., of Bill' and in addition, the 
reproducibility of theTMA technique. 
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Fig 2.19 TMA plots of BPP cured at 4000C in N2 for 1-8h. 
An interesting feature to point out in the TMA thermogram of BPP cured at 
400T in N2 for 16h was the rather peculiar event observed just before the Tg region 
(see figure 2.20). At the point just before the probe started penetrating the polymer 
surface, the plot was marked with an event that suggested, or at least looked like, 
there was a rapid process occurring in the polymer, triggered in the region of 430- 
450T. This process was accompanied by a displacement in the probe position, 
evident by the increase of the probe height that is most likely caused by the expansion 
of the polymer surface. This "swelling", that increased the volume of the polymer, 
could only have been caused by traces of substances within the polymer structure that 
possibly degraded. The possibility, however, that the probe displacement was a result 
of traces of residual solvent (DMAc) was eliminated, considering the high curing 
temperature and furthermore the temperature region in which the expansion of the 
polymer occurred. It should be noted that this phenomenon was apparent only in the 
TMA thermogram. of BPP cured at 400T for 16h and it was consistent in the four 
repeated tests. 
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Figure 2.20 TMA of BPP cured at 400'C in N2 for 16h. 
Table 2.3 lists the Tgs of BPP, recorded using TMA, cured at 370'C and 400'C at 
times varying from 1-16h. From the results it was clear that BPP exhibited greater Tg 
values when it was cured at 4000C rather than 370'C. Interestingly, in both cases, the 
Tg was shown to increase with curing time, reaching the highest value after 16h of 
curing. This implied that perhaps even after 16h of curing there were still some 
crosslinks formed. Probably the reason for the difference between the corresponding 
Tgs was that unlike 4000C, 370'C was not sufficient to provide enough energy to 
trigger further crosslinking that would improve the density and therefore the rigidity 
of the polymer network. 
Cure times lh 
TJOC) 
2h 
Tg('C) 
4h 
, 
('C) Tv 
8h 
Tg('C) 
16h 
Tj'C) 
BPP cured at 370T in N2 299 346 333 356 394 
BPP cured at 400T in N2 1 361 1 370 389 1 
422 
1- 
Table 2.3 Summary of the Tgs of BPP recorded by using TMA. 
Considering the structure of BPP, the monomer incorporates two functional 
groups, the phenylethynyl and the biphenylene groups, which are capable of 
undergoing homopolymerisation or co-reaction. 
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In the case of the first group, extensive studies conducted in previous years by 
many workers on the phenylethynyl group alone, failed to produce the exact course of' 
the crosslinking reaction and even today there is still debate about the correct path of' 
the reaction. The most popular crosslinking path proposed to date is perhaps the one 
that speculates that upon thermal curing at 350-371T the phenylethynyl group 
undergoes a complex reaction involving chain extension, branching and crosslinking 
to afford a pseudo three-dimensional network 19,20 (see figure 2.21). 
On the other hand, biphenylene-terminated imide oligomers, unlike the 
phenylethynyl ones, have a more established reaction path. At temperatures higher 
than 350'C biphenylene undergoes ring opening to form biradicals that dimerise to 
form tetrabenzocyclooctatetraene (see figure 2.22a) and some polymer 2 1, Stille ef 
al. '22 reported that upon heating above 3500C, biphenylene-terminated oligoirnides 
undergo primarily a chain extension reaction in which biphenylene ends give 
tetrabenzocyclooctatetraene linkages. During curing, a limited amount of crosslinking 
is also reported to occur the by the attack of biphenylene biradicals on the backbone 
of a neighbouring polymer chain. The authors attributed the low crosslinking 
efficiency of biphenylene to the restricted motion within the polymer chains as curing 
progresses that probably isolates biphenylene ends thus preventing them from reacting 
23 further 
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Figure 2.21 A proposed 20 crossfinking scheme of the phenylethynyl group. 
Friedman and Rabideaux demonstrated in 1968 the possibility of a co-reaction 
between the phenylethynyl and biphenylene terminal group. After a lot of work on the 
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chemistry of biphenylene, they reported 24 that when biphenylene was heated to 350- 
375'C (under nitrogen) in the presence of a five-fold excess of diphenylacetylene, 
9,10-diphenylphenanthrene (see figure 2.22b) was formed in about 50% yield. Based 
on this work, one might expect BPP model compound when heated at 350T, to give 
rise to a polymer, which owing to the formation of phenanthrene rings, would be 
expected to have high thermal stability. 
By elimination, since the Tg of BPP is much greater than other similar systems 
which are exclusively terminated with biphenylene 25,26,27 or phenylethynyl 
groups 28,29,30 , 
it can be speculated that the primary reason for the high Tg of BPP is 
indeed the formation of phenanthrene rings with perhaps the co-occurrence of other 
processes such as the ones described earlier. Furthermore, owing to the short distance 
separating the phenylethynyl and biphenylene reactive groups in BPP monomer, the 
crosslinking density of the BPP polymer would be high and this might have been an 
additional factor that contributed to the high Tg exhibited by BPP. 
Supporting evidence for the formation of phenanthrene links is also the fact that 
from the studies reported in the literature, only the imide oligomers that incorporate 
both the reactive acetylenic and biphenylene groups show Tgs comparable to the one 
of BPP. Takeichi et aL 31 , by examining the thermal properties of 
biphenylene end-cap 
imide oligomers having internal acetylene groups in their backbone (see figure 2.23) 
reported Tgs as high as 4000C, which also attributed to the presence of highly 
thermally stable phenanthrene links. 
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Figure 2.22 Formation of a) tetrabenzocyclooctatetraene and b) phenanthrene rings. 
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Figure 2.23 Biphenylene end-cap imide oligomers having internal acetylene groups in 
their backbone. 
Z4.3. TG analvsis of BPP homopolvme 
The dynamic TG scans performed on the cured BPP samples revealed the Td Of 
the polymer. As can be seen from figure 2.24 all samples followed a similar trend and 
started losing weight at approximately 540T. The temperature of 5% and 10% weight 
loss ranged between 550'C to 590'C and 580-6150C respectively whereas 100% 
weight loss occurred at approximately 900T. Despite the fact that TG analysis 
provides only an approximation of the real TOS of resins, nevertheless, the fairly high 
5% and 10% weight loss temperatures of BPP was an indication of the good TOS of 
the polymer that was comparable, and in most cases better, than the TOS of similar 
systems such as the one shown in figure 2.23 (5% weight loss at ca. 548 k)C31), 
phenylethynylphthalic anhydride-terminated polyimides (5% weight loss at ca. 517- 
5770C)32,33 and also from PMR systems (e. g. "Cycaps"; 5% weight loss at ca. 
34 560'C) 
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Figure 2.24 Dynamic TGA scans of BPP samples cured at 370T and 400T. 
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Ail interesting feature to point out is the irregularity of the Td of 131111, relative to 
the curing temperature and time since the I'd of BPI' samples cured at 370"C arc 
higher than the corresponding BPP cured at 400T (see table 2.4). As suggested 
earlier by the T. studies, the crosslinking density of BPI) is greater when Cured at 
400T compared to when cured at 3700C. For the same reason, the Td ofBPP cured at 
4000C should also be greater than when cured at 370T and not the opposite as 
indicated by the TG plots. This irregularity was most probably caused by the 
difference in the method of sample preparation. It is more likely that the samples were 
not ground equally fine and this probably affected the results since a finely ground 
sample would show faster weight loss than a coarsely ground one due to its larger 
surface to weight ratio. 
Cured resins 
TG analysis, 
5% Weight 
loss (0c) 
TG analysis, 
10% Weight 
loss (OC) 
BPP cured for Ih at 370T 581 604 
BPP cured for 4h at 3700C 535 578 
BPP cured for 16h at ') 700C 587 614 
BPP cured for Ih at 4000C 587 607 
BPP cured for 4h at 400T 551 575 
BPP cured for 16h at 4000C 550 1 
576 
1- 
Table 2.4 Temperatures of 5% and 10% weight loss of BPP cured for I h, 4h, and 16h 
at 370'C and 4000C under N2. 
2.4.4. IWL studies of BPP homopolyme 
Traditional techniques for assessing the long-term behaviour of high performance 
resins involve long-term isothermal ageing weight-loss studies (IWL) 35 or 
alternatively TG in static mode. The main disadvantage of the first method is that it 
requires large samples and long ageing times and that the oven temperature and 
sample location is often a source of inconsistency. On the other hand, impractibility is 
the main issue of using TG for evaluating the thermal stability of a polymer for 
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extended periods of time. Consequently, the TOS of BPP was evaluated using TG for 
only up to I 00h and I WL studies for up to 13 days. 
Figure 2.25 shows the results of the isothen-nal TG analysis of two neat resin B1313 
disks, cured for 4h and 16h at 400'C under N2, obtained by heating isothennally at 
3700C for 5h in air. Both samples demonstrated good stability with the one cured for 
16h exhibiting a slightly better TOS compared to the other probably due to its more 
dense network resulting from longer curing. Although heating BPP for only 5h at 
370'C was not an indication of the long-term TOS of the polymer, it proved, however, 
that the nature of the network structure of BPP had the potential of sustaining 370'C 
for even longer times due to its insignificant weight losses displayed when heated for 
5h at 3700C. It should be mentioned that the rapid weight loss at the initial stages of 
analysis was most probably due to the release of traces of solvent (DMAc), trapped 
within the network of the cured resin. 
99.5 
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BPP 16h at 400C 
BPP 4h at 400C 
Figure 2.25 Isothermal TG analysis at 3700C of neat resin BPP disks cured for 4h and 
16h at 4000C under N2. 
Following the potential for excellent long-term stability of BPP at 370T as 
indicated by isothermal TG, the same technique under the same conditions was 
employed for evaluating the behaviour of BPP over a period of 100h. The sample 
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chosen for the analysis was the one cured for 16h at 400T under N2, due to its 
apparently better properties discussed earlier. The results of the analysis (see figure 
2.26) were quite surprising. The sample began to show considerable weight reduction 
after a period of 16h and eventually sustained a 60% weight loss after 95h of heating 
at 3700C. This result was consistent with the IWL studies (see figure 2.27), carried out 
using a similar sample, that indicated analogous weight loss over 95h of ageing at the 
same temperature and furthermore an approximately 93-95% weight loss after 308h. 
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Figure 2.26 Isothermal (370T) in air TG plot of BPP cured at 400T under N2 for 
16h. 
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Figure 2.27 Isothermal (370'C) weight loss studies in air of BPP cured at 400'C 
under N2 for 16h. 
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Ideally, to produce results that represent the real 111'etirne perl'orniancc of' a resin 
at a given temperature requires large samples and long ageing times. In the case of' 
BPP, owing to the lack of enough sample, the size of resin tested using IWI, studies 
was far smaller than the minimum requirements and therefore the results obtained do 
not reflect by any means the accurate long-term TOS of BPI' at 370T. Nevertheless, 
although not categorical, the consistency of both methods strongly suggested that the 
network of the polymer formed was perhaps not capable of preventing oxygen 
diffusion into the chains to prevent degradation and also indicated that there were 
probably a great number of degradation sites on the polymer chains generated 
throughout curing. 
2.4.5. Curing characteristics of BPP monomer 
Owing to the high solvent resistance of BPP, mentioned earlier in this chapter, the 
exact path and nature of curing of BPP was difficult to follow since powerful and very 
informative techniques such as, for example, NMR could not be employed. Generally, 
this "insolubility" problem is common with most phenylethynyl terminated imide 
(PETI) systems and contributes greatly to the fact that despite almost a decade of 
research, the curing process of PETI resins is not yet fully understood. 
Attempts to follow the curing behaviour of the phenylethynyl bond were 
conducted using FTIR spectroscopy. Monitoring the curing progress using FTIR 
revealed that the phenylethynyl absorption band at 2210cm-1 disappeared after lh of 
curing at 370'C under N2 (see figure 2.28). This observation is consistent with work 
carried out elsewhere 14,20,36 on PETI systems. Except for the obvious reduction of the 
ethnyl absorption band at 2210cm-1 with curing time, the rest of the spectrum looked 
to be relatively unchanged, in particular the aromatic C-H stretches (ca. 3080-3020 
cm-1), as curing time increased. This is noteworthy, considering that during the 
phenanthrene-forming reaction the concentration of the aromatic C-H stretches is 
constant and therefore the intensity of the C-H stretching vibration should also stay 
constant throughout curing. However, the possibility that the intensity of the C-H 
stretches might vary, owing to the different substitution patterns oil the aromatic rings 
before and after curing, also exists. 
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Figure 2.28 IR spectra (KBr) of the BPP monomer and BPP cured for 30mm. and Ih 
at 370'C under N2. 
2.4.6. Chemometrics for analvsins the DRIFTS svectra of BPP 
A more detailed picture of the curing behaviour of BPP was revealed when 
chernometrics techniques were employed to analyse a collection of DRIFTS spectra of 
BPP cured at 3000C in air and 400'C under N2 over a period of 13h and 16h 
respectively. This powerful method, which employs both statistical and mathematical 
techniques to analyse simultaneously a collection of multivariable data, was used to 
monitor changes in the intensity of the absorption bands of BPP, which could not be 
detected with the naked eye, with increasing curing time. A detailed account of 
Principal Components Analysis (PCA) of multivariable data, used here to analyse the 
spectra, is beyond the scope of this thesis and a full description of the PCA method 
can be found in various textbooks of multivariable analysis 37,38 .I lowever, 
in the 
following lines, a brief explanation is given, of the step-by-step PCA method used for 
analysing the DRIFTS spectra of BPP cured for 16h at 300'C. 
Step 1: A series of DRIFTS spectra of BPP was collected at different periods of time 
during the curing process. 
Step 2: The spectra were normalised to the overall mean intensity of the signals in the 
region between 4000-500cm- I. The purpose of this step was to improve the collected 
spectra (from step 1) by eliminating (as many as possible) a series of variations that 
might affect the spectra, e. g. detector noise and environmental conditions, etc. 
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Step 3: Using all the normalised spectra, the mean spectrum (or average spectrum) ot' 
BPP was calculated. 
Step 4: The mean spectrum was then subtracted from every nornialised spectrum 
aiming to enhance the subtle differences between tile different 13111" spectra (this 
process is also known as mean centred). Every mean centred spectrum can be 
described by a single point, in a multidimensional plot, having as axes the variables 
(in this case the different wavenumbers). 
Step 5: PCA was applied to the set of data (from step 4) and the Principal 
Components (PCs) were calculated ("Unscramble v7.5" software) (see figure 2.29). 
PCs are essentially vectors that describe the changes in the absorbance data. The aim 
of PCA is to create a new set of variables that are fewer than the original variables 
(effectively a form of data compression). The PCs vectors are chosen so that the first 
principal component (PCI) accounts for most of the variation in the data set, tile 
second (PC2) accounts for the next largest variation and so on. In this way, PC vectors 
can be used to represent the variations in the absorbance of a set of data. Therefore, a 
PC vector (e. g. PCI) can be described as PC, = al, Xl+al2X2+... + aj,, k, PC2 as PC2ý 
a2jXj+a22X2+.., + a2,, ý, and so on. The coefficients all, aJ2, e1c. are the weighting 
factors that are different according to the PC and k are the wavenumbers of a 
spectrum. If the data from step 4 are rearranged and the PCs visualised as axes of a 
multidimensional graph (instead of wavenumbers), then each of tile graphs can be 
described only by PCs. Thus, a spectrum A can be described by 
A=aPCI+bPC2+cPC3+.. where a, b, c are the weighting factors of the PCs (also 
known as scores) which are different for every spectrum. 
Step 6: The spectra of BPP were then mapped on to a two-dimensional graph having 
PCI and PC2 as axes and the plot of PCI vs. PC2 was produced (see figure 2.30). 
Generally, in PCA analysis, the plot of PCI vs. PC2 rearranges the data into different 
groups (provided that there are similarities between them) and similar spectra are thus 
grouped together. Therefore, a spectral trend is usually revealed that was not apparent 
before the PCA. In the case of BPP samples, the plot of PC I vs. PC2 revealed that, at 
the early stages of the curing process, there was a fair amount of variability (spectra 
are scattered). However, as curing time increased, the BPP samples gave rise to 
similar spectra (spectra are grouped) thus revealing a possible trend. 
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Step 7. - Owing to the fact that the plot of PC I vs. PC2 revealed that there was a 
potential trend between the different DRIFTS spectra of BPP. the scores of the five 
PCs were regressed against the curing time and a regression coefficient plot, showing 
which wavelengths correlated (or anticorrelated) with curing time, was obtained (see 
figure 2.3 1 ). 
Figure 2.29. Plot of the five principal components that accounted for most of the 
variation in the data of BPP cured for 16h at NOT in air. (X-axis: wavelength, Y-axis: 
absorbance). 
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Figure 2.30 Plot of PC I vs. PC2 of BPP samples cured for cured for l6h at NOT in 
air. The colour-coded bar on the top of the graph represents the curing time that 
increases moving from left to right. 
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Figure 2.31 Regression coefficient plot of wavelengths that contribute to curing time. 
(X-axis: wavelength, Y-axis: absorbance). 
Essentially, figure 2.31 represents a linear combination of the most significant 
peaks that accounted best for the regression. The absorption bands below the line 
represents those whose intensity decreased with increasing curing time, whereas the 
bands above the line represents those whose intensity increases with increasing the 
curing time. 
Although, as expected, the dominant feature in the regression coefficient plot was 
the decrease of the intensity of the carbon-carbon triple bond at 2210cm-1 with curing 
time, it was the aromatic regions of the spectrum, and in particular the area between 
1600-2000cml, that provided vital infon-nation on the curing behaviour of BPP. The 
change in the absorbance of several bands within the region 1600-2000cm- I suggested 
that there were a number of different "aromatic" events occurring during curing that 
were previously undetected in the FTIR spectra of BPP. Owing to the complexity of 
the regression coefficient plot due to the presence of a number of variable peaks, the 
intensity of some of the most predominant absorption bands vs. curing time was 
plotted (see figure 2.3 1) in an attempt to rationalize the data. 
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Figure 2.31 Intensity of the bands of BPP at 1777 cm-1,1729 cm-1,1614 cm-1,3085 
cm-1,1959 cm-1 vs. curing time. 
From figure 2.31 it is apparent that the intensity of the absorption bands due to 
the asymmetric and symmetric carbonyl stretches at 1777 cm- I and 1729 cm-1 
respectively increase in the early stages of curing and then decreases maintaining a 
slightly higher intensity compared to the uncured monomer. Furthermore, the 
aromatic C-H stretch band at 3085 cm-1 and combination band at 1959 cm-' were 
shown to decrease steadily with curing time whereas the absorption at 1614 cm- I, due 
to C-C stretching within the ring ("ring breathing") was shown to remain relatively 
constant. 
The decreases in the intensities of the aromatic C-H stretch and overtone band 
indicate that either there is substitution of the aromatic rings or that the aromatic 
content decreases with curing time. However, the maintenance of the stretch due to 
the "ring breathing" dismisses the latter and strongly suggests substitution of the 
benzene rings possibly arising from the formation of phenanthrene links. An 
intriguing point to mention is that, although the number of aromatic hydrogen atoms 
before and after the formation of phenanthrene rings should remain invariable, here 
the intensity of the C-H stretch was shown to decrease with curing time. This can be 
explained in terms of the different species formed during curing. It is possible that, 
different compounds, containing the same number of aromatic hydrogen atoms, to 
give rise to aromatic C-H bands having different intensities owing to the different 
substitution patterns on the aromatic rings 39 . 
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The trend followed by the carbonyl stretches and moreover the overall increase of 
the intensity of the bands compared to the uncured nionoincr was ambiguous. Studies 
reported in the literature on PETI systems show controversy on the behaviour of the 
carbonyl group during the curing process. Tang el a,., 40 using a thermograv i metric 
analyzer interfaced with a mass spectrometer and IR spectrometer, based on CO, 
evolution, reported that curing proceeds by reaction between the carbonyl side groups. 
On the other hand, Fang el al. '4 
1 by using solid state 13 C NMR to follow the curing 
process of PETI-5, reported that the concentration of the carbonyl group remains 
constant throughout curing and attributed a slight increase of the carbonyl levels to 
experimental errors. 
The results of the analysis of the DRIFTS spectra of BPP cured at 4000C over a 
period of l6h in N2 were surprisingly much different from the corresponding results 
for BPP cured at NOT in air. In the former there was a high degree of inconsistency 
in the absorption of several bands at various regions of the spectrum especially at the 
early stages of curing and as a result of this a possible trend reflecting the variation of 
different absorptions could not be established. As in the case of BPP cured in air at 
3000C, the most dominant feature of the analysis was the reduction of the triple bond 
with curing time. Furthermore the band due to the asymmetric carbonyl stretch was 
shown to decrease dramatically and contradicted previous studies of BPP that 
suggested that the carbonyl content increases during curing. 
The large difference in the trends between the two data can only be attributed to 
different crosslinking processes as a result of the different temperature or environment 
used to cure the samples that probably influenced curing. 
Possibly, curing at 400'C caused sudden changes within the polymer chains that 
were too fast to follow and also the time interval between spectral collections was too 
long thus missing vital changes that might have occurred between data collection. 
Moreover curing at 400T perhaps activated further crosslinking as compared to 
3000C since a higher processing temperature is more effective in activating curing 
processes. Studies on the effect of temperature on the ring opening of biphenylene 21 
indicated that heating at high temperatures (>400"C) for long times favours high 
crosslinking due to the presence of high-energy radicals formed by the destruction of' 
tetrabenzocyclooctatetraene linkages. Following that, in contrast to curing BPP at 
300T, curing at 4000C possibly caused some tetrabenzocyclooctatctraene linkages 
76 
Chapter 2 
that might have formed by the hon-iopolyrrierisation of the biplienylene functional 
group to break down to reactive radicals that consequently reacted further with tile 
polymer chains to form a more dense network structure thus producing dill'crent 
absorption bands in the DRIFTS spectra. 
The effect of the environment in the curing of PETI systems, and in extension of 
BPP, is not clear since most of the studies reported in the literature involve processing 
the resin in air and there are only a few that deal with processing under N2. Holland el 
al. '-", investigated the thermal curing chemistry of the phcnylethynyl group at three 
different atmospheres using solid-state 13 C NMR and reported that the nature of the 
curing environment affects only the rate of the crosslinking reaction and that the latter 
is slower in pure oxygen than in air or vacuum. 
Generally, the curing path of BPP is a complex process and much more 
complicated than presented here due to a number of parameters discussed earlier that 
govern curing and as a result of this only speculations can be made about the exact 
nature of the process. Perhaps it is not surprising that after decades of research tile 
curing path of similar systems is not yet fully understood. The curing studies 
presented here using FTIR, and DRIFTS in conjunction with chemometrics, provided 
only limited information about the curing of BPP and by no means demonstrated the 
exact course of curing. Nevertheless they provided some evidence to support the 
suggestion that the co-reaction between the phenylethynyl and biphenylene moiety in 
BPP is probably one of many processes that take place in the crosslinking of the 
monomer. 
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2.5. Summary 
In this chapter the synthesis of a new monomer N-(2-biphenylenyl)-4-12'- 
phenylethynyl]phthalimide (BPP) was presented. The monomer was synthesised by 
using two different synthetic routes, the production of both of which were fully 
characterised by lH NMR and FTIR spectroscopy. Mass spectrometry was used as an 
additional technique to verify the synthesis of the monomer. 
BPP was polymerised by thermal initiation at 370 () C and 400 () C in N2 at curing 
times varying from lh-16h. The thermal properties of the resulting polymer were 
investigated by DSC and TMA while the TOS of the polymer was assessed byTG and 
IWL studies. 
BPP was shown to exhibit high T, s that varied depending on the curing 
temperature and time. The resulting polymers from curing at 400'C were shown to 
exhibit higher Tgs than the corresponding systems cured at 370'C due to higher 
crosslinking density. BPP cured for 16h at 400'C under N2 demonstrated the highest 
Tg reaching 450T. This is approximately I OOOC above those reported in the literature 
for other existing competitive thermosetting polylmldes such are the phenylethynyl 
(PETI) 17,18 (Tg<3000C) and acetylene 42,43 (Tg<370'C) terminated imide resins and also 
44 from PMR- 15 (Tg<3 800C) and PMR derivative systems (T. <400"C) 
All BPP polymers were shown to have decomposition temperatures exceeding 
540T. BPP cured for 16h at 400T under N2 sustained approximately 60% weight 
loss after heating isothermally at 370'C in air and ca. 95% weight loss after ageing at 
370'C in a high temperature oven for 308h. 
In an attempt to elucidate the curing path of BPP, IR and DRIFTS spectra were 
collected throughout curing. The DRIFTS spectra were analysed by chemometrics and 
the results suggested that most probably in the curing process of BPP a co-reaction 
occurs between the biphenylene and phenylethynyl group that gives rise to tile 
formation of phenanthrene links. 
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Chapter 3: Thermal Characterisation of BPPIPETI-5 Blent[v 
The phenylethynyl terminated imide oligorner PFTI-5 (IZMM 5000g/niol) 
developed at NASA Langley Research Centre was the leading composite resin system 
1,2,3 
chosen for evaluation in the US high speed civil transport (lJSCT) programme 
Although, as discussed in chapter 1, PET[ resins are characterised by excellent 
mechanical propert, eS4'5 suitable for aerospace applications, they nevertheless lack 
high Tgs and long term TOS at 3700C. 
This chapter describes an attempt to improve the thermal properties of PETI-5 by 
preparing PETI-5/13PP blends aiming to form copolymers that would have relatively 
improved thermal properties compared to neat PETI-5 resins. In the process of' this 
investigation, the thermal characteristics of PETI-5 and PETI-5/13PP blends (at 
different weight compositions) were examined using DSC, TMA, TG analyses and 
IWL studies. 
It should be mentioned that although the properties of PETI-5 have already been 
investigated and reported in the literature, examination of the thermal characteristics 
of PETI-5 was carried out in this study for comparative purposes, since a realistic 
comparison of the properties of PETI-5 with PETI-5/BPP blends should only be made 
under identical experimental conditions. 
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3.1. Preparation of PETI-5/BPP polymer blends 
This section describes the method followed for the preparation of PFITI-5/1111' 
(85%-15% w/w), PETI-5/BPP(80%-20% w/w) and IIETI-5/BI'P(25%-75% w/w) 
polymer blends. 
Starting materials 
BPP was synthesised using the amine route described in chapter 2 (section 
2.1.4.2) and PETI-5 (RMM 50OOg/mol) was provided by NASA Langley Research 
Centre and used as received. N-Methyl-2-pyrrolidinone 99% (NMP) and ethanol 
(99+%) were purchased from Aldrich Chemical Company. Diethyl ether was 
purchased from BDH Laboratory Supplies. 
3.1.1. Preparation ofPETI-51BPP(85%-15% w1w) blend 
PETI-5 (0.85g; 0.17 mmol), BPP (0.15g; 0.38 mmol) and NMP (20ml) were 
added together in a round bottom flask and heated at reflux temperature for 12h. 
Warm ethanol (20ml) was then added to the dark brown solution and the product 
precipitated as a fine powder. The powder blend was then isolated by means of a 
Buchner funnel and washed successively with warm ethanol (20ml) and diethyl ether 
(20ml). The light brown powder was then dried in a vacuum oven (I 60"C) for 12h to 
afford yields greater than 95%. 
3.1.2. Preparation of PETI-51BPP (80%-20% w1w) blend 
In a round bottom flask (100ml) equipped with a reflux condenser, PETI-5 
(0.80g; 0.16 mmol), BPP (0.20g; 0.50 mmol) and NMP (20ml) were heated at reflux 
temperature for 12h. Upon addition of warm ethanol (20ml), the product precipitated 
out as a fine powder. The powder was then collected on a Buchner funnel and washed 
repeatedly with warm ethanol (20m]) and diethyl ether (20ml). The light brown 
powder was then dried in a vacuum oven (I 600C) for 12h to afford yields greater than 
95%. 
3.1.3. Preparation ofPETI-51BPP(25%-75% w1w) blend 
A mixture of PETI-5 (0.25g; 0.05 mmol), BPP (0.75g-, 1.90 mmol) and NMI' 
(20ml) was heated under reflux temperature for 12h. Warm ethanol (20ml) was then 
added to the mixture and the product precipitated out as a fine powder. The product 
was collected on a Buchner funnel and washed repeatedly with warm ethanol (20ml) 
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and diethyl ether (20ml). The light yellow powder was then dried in a vacuum oven 
(I 60'C) for 12h to afford yields greater than 95%. 
3.2. FTIR spectra of PETI-5[BPP polymer blends 
Owing to the fact that the preparation of the blends involved heating BPP with 
PETI-5 under reflux in a high boiling solvent, such as NMP (b. p 202T), there was a 
possibility that the process might have caused homopolymerisation of the 
phenylethynyl bond as a result of the extended refluxing times employed. Such a 
process will effectively prevent a possible phenanthrene-forming reaction between the 
biphenylene and the phenylethynyl reactive groups due to the "premature" 
consumption of the ethynyl moieties. Consequently, the FTIR spectra of the blends 
were recorded and the region in the spectra at ca. 2210cm-1 was examined, aiming to 
verify the presence of the ethynyl absorption band. The FTIR spectra of the blends 
shown in figures 3.1 and 3.2 were recorded using a Perkin Elmer/system 2000 FT-IR 
spectrometer in the form of KBr disks. 
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Figure 3.1 IR spectra of PETI-5/BPP blends; region between 4000-400cm-1. 
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Figure 3.2 IR spectra of PETI-5/BPP blends; region between 2500-2000cm-1 
As can be seen from figure 3.2, the presence of the characteristic ethynyl 
absorption band at ca. 2210cm-1 was consistent in all the spectra of BBP/PETI-5 
blends thus confirming the preservation of the ethynyl were upon blending. It should 
be mentioned that a possible homopolymerisation of the biphenylene groups is very 
unlikely owing to the fact that biphenylene undergoes ring opening at temperatures 
higher than 350T 
3.3. Thermal characterisation of PETI-5 and PETI-5/BPP blends 
The thermal characteristics of PETI-5 and PETI-5/BPP blends were deten-nined 
using DSC and TMA, while TG analysis and IWL studies were used for determining 
the Td and TOS respectively of PETI-5 and blends. 
3.3.1. Sample preparation and experimental conditions 
DSC was performed on a TA calorimeter (TA Instruments DSC 2920) at a 
heating rate of 10 K min-' in a nitrogen atmosphere at flow rate of 40 ml min-' and the 
Tp of each cured sample was recorded at the point of inflection of the transition. 
Powdered samples (2-7mg) were prepared in hermetically-sealed aluminium pans. 
which were subsequently placed in glass tubes. A nitrogen stream was flushed in the 
tubes for two minutes in order to ensure that all the oxygen was driven offand the 
tubes were cut and sealed by means of an oxygen flame burner. The samples were 
then placed in a high temperature Pyrotherm oven and allowed to cure. The curing 
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temperatures used were 370"C and 400T and the time at which tile sarnples were IcIlt 
to cure at 370'C and 400'C varied up to l6h. 
TMA was performed on a Perkin Elmer TMA-7 instrument at a heating rate of 10 
Kmin-1 in a helium atmosphere (80mlmin-)) using the probe penetration mode. The 
point on the TMA plots where the probe began to penetrate the sample (Indicated by a 
sudden change in the probe position) represented the T, of the samples. Powdered 
samples were prepared in open DSC aluminium pans and they were then placed in 
Pyrex test tubes. The nitrogen stream was carefully flushed (caution was taken when 
nitrogen was flushed in the tubes to avoid spreading the powder samples out of the 
pans) in the tubes for a few minutes in order to ensure that all the oxygen was driven 
off and the tubes were then cut and sealed by means of an oxygen flame burner. 
Consequently, the samples were placed in Pyrotherm oven and allowed to cure at 370 
'C or 400 OC for I up to 16 hours. 
The dynamic TG analysis of PETI-5 and PETI-5/BPP blends cured at 4000C for 
l6h under nitrogen was performed on a Perkin Elmer TGA-7 instrument at a heating 
rate of 20Kmin-1 in flowing air (40mlmin-J). The weight loss profiles of the powder 
samples (prepared by grinding the cured resins disks formed in the DSC pans using a 
pestle and mortar) were recorded over a temperature range of 50-8500C. 
The long term TOS at 370'C of PETI-5 and BPP/PETI-5 blends cured for 1611 at 
4000C in nitrogen was determined by IWL studies. The cured resins, formed in the 
DSC pans, were subjected to 370'C over a period of 330h during which the weight 
loss of the samples was recorded at regular time intervals. 
3.3.2. DSC and TMA analysis of PETI- 
The Tg of PETI-5 oligoimide was determined by using DSC. The thermogram of 
the oligoimide (see figure 3.3) exhibited an initial T. at 2300C followed by a melting 
endotherm (T,,, ) at 3570C. The exothermic onset temperature and peak maximum, due 
to the polymerisation of the phenylethynyl group, occurred at 3800C and 430"C 
respectively. The rescan data of the cured in the DSC instrument resin (see figure 3.3) 
revealed no melting endotherms or polymerisation exotherms indicating that complete 
cure had taken place. The thermal event at ca. 2750C (point of inflection) present ill 
the rescan plot was due to the T,, of the cured PETI-5. 
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Figure 3.3 DSC scan of uncured and cured PETI-5 oligoimide. 
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In the literature it has been demonstrated that complete curing of PETI-5 is 
attained upon heating for Ih at 350-37ooC6,7 in air or nitrogen. Following that, PETI-5 
samples were cured at 370'C for Ih up to 16h under nitrogen and the Tgs of the 
resulting resins were determined using DSC and TMA. Consistent with the literature 
studies 6,7, the DSC plots (see figure 3.4) indicated that complete curing of PETI-5 is 
attained upon Ih of curing at 370'C evidenced by the absence of any polymerisation 
exotherms on curing for longer periods of time and also by the fact that the Ts of the 
resins remained constant at ca. 2800C. Furthermore, the DSC results were also 
consistent with the ones obtained using TMA (see figure 3.5) since in the latter plots 
the cured PETI-5 showed Tgs close 2800C. 
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Figure 3.4 DSC plots of PETI-5 cured for 2h, 4h and 16h at 370T under N-,. 
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Figure 3.5 TMA plots of PETI-5 cured for lh. 2h, 4h. 8h and 16h at 370"C under N2- 
An interesting point to highlight here is that in all the TMA plots of PETI-5, in 
addition to the change in the probe position due to the T. of the cured oligoimide, 
there is an apparent displacement of the probe at about 400"C suggesting the 
occurrence of a second thermal event. Similar behaviour was also observed in the 
DSC plots of PETI-5 (more apparent in the sample cured for 16h at 3700C) where a 
small thermal event that looked like a Tg at 400"C, appeared in the thermograms. The 
probe displacement was possibly caused by traces of substances within the polymer 
that started degrading at 400'C that conceivably caused an artefact (resembling a T. ) 
in the DSC thermograms of the cured resin. Another possible explanation Im this 
behaviour may be the fact that extended curing times provided the energy path for 
further crosslinking reactions in the polymer chains thus producing new structural 
formations within the network. Consequently, the second thermal event observed in 
the DSC and TMA plots might have been a reflection of the Tg of these newly formed 
structural units. 
In an attempt to identify the nature of the signal at 400 T, samples of 111"I'l-5 
were cured at 400T for Ih up to 8h and the DSC data were recorded aiming to 
determine whether curing at temperatures higher than 370T would have any eftlect on 
the final T, of the resin. As can be seen from figure 3.6, the thermograms of the resin 
cured for Ih and 4h consisted of oniv one distinctive point of inflection, due to the T,, 
of PETI-5, at the same position as previously observed (280T). In contrast, the Tg in 
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the then-nograrn of PETI-5 cured for 8h was difficult to establish with certainty since 
the plot was a flat line with no obvious Tg. Presumably the T. in the latter plot was 
represented by the very weak, and hardly detectable, then-nal event situated at ca. 
278T. Nevertheless, the lack of a signal at 4000C and the presence of Tgs in the 
278'C region in the DSC plots of PETI-5 cured at 400'C strongly suggested that the 
event observed at 4000C in the DSC plots of PETI-5 cured at 370 T was indeed an 
artefact caused by traces of degradable material and not a T. due to the formation of 
new structural units within the polymer chains as speculated earlier. 
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Figure 3.6 DSC plots of PETI-5 cured for lh, 2h, and 8h at 400"C under N2- 
3.3.3. DSC and TMA analvsis of PETI-51BPP blends 
Despite a decade of research, the exact mechanism of the then-nal cure ot'PETI-5 
has not yet been established"'10. As mentioned in the first chapter of this thesis, the 
curing process of the phenylethynyl group is very complex and possibly involves 
chain extensions, branching and crosslinking affording a pseudo three-dimensional 
network 1 1,12 . Nevertheless, regardless of the nature of the products from the thermal 
curing of PETI-5, the truth is that the observed T. of these resins is very low t1or ultra- 
high temperature applications (required Tg ca. 400'C 13). 
The approach followed here to improve the Tg of PETI-5 involved blending the 
oligoimide with BPP. This effort was based on the possible formation of 
phenanthrene 14, IS links by the co-reaction between the biphenylene groups present in 
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BPP with the terminal phenylethynyl groups present in PETI-5 (see figure 3.7). In 
theory, owing to the presence of the rigid and thermally stable phenanthrene links, the 
cured blend should exhibit a final Tg higher than that of PETI-5. 
YfliTh+(j--(/ 
Figure 3.7 The possible co-reaction between biphenylene and acetylene groups. 
The DSC plots of the uncured PETI-5/BPP(85%-15% w1w), PETI-5/BPP(80%- 
20% w/w), PETI-5/BPP(25%-75% w/w) blends are shown in figure 3.8. As expected, 
the plots of the blends consisted of a combination of events (Tg, T,,, ) characteristic of 
PETI-5 and BPP neat resins. More precisely, the thermograms of the blends having 
low % content of BPP were dominated by PETI-5 features showing initial Tgs close to 
2300C and with the T,,, s being shifted to lower temperatures (ca. 3400C) compared to 
that of PETI-5 (357'C). On the other hand, the DSC plot of the blend consisting of 
75% of BPP exhibited a fairly sharp Tm, due to BPP, but being shifted to 273T, and 
also a very weak Tg at 220T, due to the presence of PETI-5. 
It is interesting to note that the DSCs of the uncured blends showed just one 
obvious polymerisation exotherm having a temperature onset and a peak maximum 
well below the corresponding temperatures of the self-reaction of PETI-5 and 
resembling the corresponding self-reaction of BPP. By considering that the 
hornopolymerisation of the latter may involve a co-reaction between the biphenylene 
and the phenylethynyl moieties present in the BPP and in addition the presence of a 
single exotherm in the DSCs of the blends, it is then reasonable to assume that the 
acetylene groups in PETI-5 reacted with the biphenylene groups of BPP generating a 
copolymer incorporating phenanthrene links. 
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Figure 3.8 DSC plots of the uncured PETI-5/BPP(85%-15% w/w). PETl-5/BPP(8M/`- 
20% w1w) and PETI-5/BPP(25%-75% w1w) blends. 
The DSC thermograms of PETI-5/BPP(85%-15% w/w) blends cured at 370'C are 
shown in figure 3.9. The plot was devoid of a melting endotherrn or polymerisation 
exotherm indicating that both the phenylethynyl and biphenylene units were 
completely consumed after lh of curing at 3700C. Furthermore, the weak point of 
inflection, at ca. 280'C, observed in all the DSC thermograms of PETI-5/BPP(85%- 
15% w1w), was due to the Tg of the cured resin. Surprisingly however, blending 
PETI-5 with BPP did not cause a noticeable improvement in the final Tg of PETI-5 
since the Tg of the latter was identical to the one exhibited by the blend. This was 
unexpected considering that the postulated co-reaction between acetylene and 
14,15,16 biphenylene groups leads to the formation of rigid phenanthrene links 
Theoretically, formation of the latter should have contributed to at least some kind of 
improvement in the final Tg of PETI-5. Assuming that the copolymerisation had not 
occurred. then two different Tgs should have been apparent in the DSC plots arising 
from the T_, s of the individual resins (except from the situation where the 
"homopolymers" are completely miscible giving rise to a single Tg). Furthermore, the 
possibility that the apparent single Tg might have been an overlapping product is very 
unlikely due to the large difference between the Tgs of the PETI-5 and BPP resins and 
also due to the narrow characteristics of the observed T,,. 
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Figure 3.9 DSC plots of PETI-5/BPP(85%-15% w1w) blends cured at 370T. 
Owing to the fact that the highest Tg of BPP was attained upon curing at 400T 
for 16h, PETI-5/BPP(85%-15%w/w) samples were cured at 4000C with hope that a 
higher curing temperature should encourage more efficient crosslinking and 
consequently would lead to an improved T., Unfortunately, the DSC scans of the 
cured blends were not very informative and obvious Tgs in the thermograms could not 
be identified (see figure 3.10). Presumably this behaviour was due to a high degree of 
crosslinking density, a phenomenon that has also been observed in the DSC plots of 
BPP separately. 
The Ts of the cured blends were successfully identified using TMA (see figure 
3.11). The thermograrns revealed that the Tgs of the blends kept increasing with 
curing time reaching a maximum value of ca. 3100C after curing for 16h at 400T in 
nitrogen. This trend justified the assumption that in the DSC plots of the blend the Tgs 
were not detectable due to the large increase in the connectivity of the polymer chains 
that most likely made the motion within the chain segments of the network 
insufficient to produce an endothermic transition large enough to be identified 17 by 
DSC. 
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Figure 3.11 TMA plots of PETI-5/BPP(85%-15% w1w) blends cured at 4000C. 
The DSC thermograrns of the blend PETI-5/BPP(80%-20% w/vv) cured at 370'C 
and 4000C had the same characteristics as the DSC plots of PETI-5/BPP(85%-15% 
w/w) cured at 400'C and it appeared that as curing temperature and % content of BPI' 
in the blend increased, the degree of crosslinking density of the copolymer also 
increased. This was evident by the TMA plots of the PEI'l-5/BPP(80%--)O% W/W) 
cured at 370'C (see figure 3.12) and 4000C (see figure 3.13) that indicated an increase 
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in the T. as the curing time and temperature increased reaching a maximum value of 
ca. 338'C when cured for 16h at 4000C. 
The slight probe displacement at ca. 300'C, that caused a signal resembling a T,,, 
observed in the TMA thermogram of PETI-5/BPP(80%-20% w1w) cured for 8h at 
370'C, was probably an artefact and not a genuine Tg signal, since a similar event was 
absent from the TMA plots of the rest of the samples cured at 3700C. 
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Figure 3.12 TMA plots of PETI-5/BPP(80%-20% w1w) blends cured at 3700C. 
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Figure 3.13 TMA plots of PETI-5/BPP(80%-20% w/w) blends cured at 400T. 
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Of all the PETI-5/13PP blends prepared, PETI-5/BPP(25%-75% 14, /14) exhibited 
the highest Tgs reaching 358'C (see table 3.1) after curing for l6h at 400T under N2 
as evidenced by TMA. Perhaps this was not a surprise since it has been previously 
identified that higher BPP content in the blends resulted in higher crosslinking density 
and hence to higher Ts. PETI-5 is a polymer whereas BPP is a small molecule. 
Therefore, copolymensation of a blend having a high content of PETI-5 and much 
less BPP would result in formation of phenanthrene links but the latter would be very 
"diluted", due to the long chain of PETI-5. The opposite would be true for a binary 
blend having a high content of BPP and much less content of PETI-5. Consequently 
the higher T, s demonstrated by PETI-5/BPP(25%-75% w/w) cured blend can be 
attributed to the difference in the crosslinking density and also to the difference in 
backbone flexibility between the PETl-5/BPP copolymers. 
Tg (T) after the following cure times in 
Blend Composition and cure N2 
temperature 
th 2h 4h 8h 16h 
PETI-5/BPP(85%-15% w/w) cured at 
244 251 252 253 266 
370T 
PETI-5/BPP(85%-15% vv/i4)) cured at 
237 249 279 297 310 
400T 
PETI-5/BPP(80%-20% iv/iv) cured at 
261 260 266 260 273 
370T 
PETI-5/BPP(80%-20% w/w) cured at 
251 267 290 282 291 
4000C 
BPP/PETI-5(75%-25% iv/u, ) cured at 
292 312 347 341 338 
370T 
BPP/PETI-5(75%-25% iv/iv) cured at 
333 298 343 353 358 
4000C I I I 
Table 3.1 Summary of the T,, s of PETI-5/13PP blends obtained by using TMA. 
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?. 3.4. Possible PETI-51BPP crosslinking products 
It is likely that mixing PETI-5 with 11111) and stibsequent thernial 
copolymerisation of the blend leads to the occurrence ofseveral crosslinking events- 
rather than just formation of the postulated phenanthrene rings. 
One of the many possible events that might have occurred during dic 
copolymerisation is that of tetrabenzocyclooctatetraene formation by the flicrinal ring 
opening of biphenylene 14. Studies' 8 carried out elsewhere on tile thermal ring opening 
of biphenylene indicated that the extent of tetrabenzocyclooctatctraenc florniation is 
largely dependent on the time and the temperature at which biplienylenc is heated. It 
has been reported that on heating biphenylene at 400-450T the concentration ol' 
diradicals is constantly high, favouring formation of tetrabciizocyclooctýitcti-, iclic 
whereas at lower temperatures (<4000C) the opposite is true. Presumably upon curing 
at 4000C, concurrent with the possible formation of phenanthrene links there was also 
some formation of tetrabenzocyclooctatetraenes that added to the rigidity ol' tile 
polymer chains thus increasing the Tg, Also, possible crosslinks that might have 
formed in the curing process of the blends involve polyene crosslinks 11,12 as a result 01' 
the curing of the phenylethynyl group or possibly benzene crosslinks" occurring by 
cyclotrimerisation of the ethynyl group. 
One of the arguments that can be raised here is that if the thermal curing of' 
blends involved formation of phenanthrene rings then why was the filial T. of the 
blends not comparable to that of the BPP homopolymer and more importantly wily 
was it not dramatically improved compared to the T. of the cured PETI-5 (except in 
the case of BPP/PETI-5 (75%-25% iv/w) where some improvement was observed). 
The reason why the BPP homopolymer exhibited a much higher T,, compared to the 
blends might be attributed to the difference in the crosslinking density and in 
particular to the fact that in the homopolymerisation of BPP the co-reactioll between 
the biphenylene and phenylethynyl groups is more predominant, due to tile very short 
"distance" that separates the two functional ities. Also for the same reason, possible 
steric factors that might hinder optimum formation of the phenanthrene rings would 
be less effective in the homopolymerisation of BPP rattler than in tile 
copolymerisation of BPP with PETI-5. On the other hand, tile inability ofthe cured 
blends to exhibit dramatically higher Ts compared to neat PETI-5 resill that would 
have effectively reflected the formation of phenanthrene links suggested that the 
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presence of the latter within the chain segments of the copolymers was probably N'Cry 
insignificant. Furthermore, it is more likely that the polymer chains were more 
dominated by the presence of the product by the honiopolynicrisation of' tile 
phenylethynyl bond, since the latter, in a BPP/PETI-5 blend, is always present in 
excess. Therefore, the rigidity of the chains was not critically aft'ectcd to such all 
extent as to improve dramatically the T. of PETI-5. 
3.3.5. PETI-51BPP blends and the Fox equation 
One of the simplest equations that relates the dependence of the T,, ol'a polymeric 
blend (or a co-polymer) to its composition is the Fox equation 20 (see equation I ). 'I'lic 
Fox equation predicts that miscible blends will exhibit a single Tg occurring at a lower 
value compared to the linear relationship of the T. s of the individual components 
(linear relationship: Tg =W, Tgl+W2Tg2 where W1, W2 are the weight fractions of' 
components present in the blend and Tgj, T. 2 are the Tgs of the pure components). 
I/TM = WI/Tgl + W2/Tg2 
Where : 
T, =Predicted glass transition temperature of the blend 
T,,, =Glass transition temperature of polymer 1, 
T, ý=Glass transition temperature of polymer 2, 
WI=Weight fraction of polymer 1, 
W, =Weight fraction of polymer 2. 
Equation 1. The Fox equation. 
The Fox equation was applied to the blends in an attempt to determine whether 
the slight increase in the T,, of the blends, compared to PETI-5, was simply a result 
arising from the "additive relationship" of the T, s of the individual Components 
comprising the blend, as is predicted by the Fox equation, or a result ofilorniation of' 
rigid groups such as phenanthrene rings. The final glass transition temperatures 
selected to represent the Tgs of the blends, PETI-5 resin and BPI' were tile oiles 
recorded by TMA when the resins were cured for 16h at 400T under N-,. 
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The plot of the experimental and the predicted (by the Fox equation) T, s vs. 
composition is shown in figure 3.14. As illustrated by the plot, the experimental Ts 
of the copolymers showed a rather negative deviation from the Fox prediction. The 
negative deviation suggested that the Tgs of the cured blends were lower than those 
forecasted, and furthermore, that the structures of the resulting copolymers were less 
rigid and more flexible than those predicted by the Fox equation for the PETI-5/13111-1 
copolymers. This was expected since as mentioned previously the Tgs exhibited by the 
copolymers were much lower than the corresponding Tg of BPP and comparable to 
that of PETI-5. Moreover, the Fox prediction supported the speculations made earlier 
regarding the diluted presence of phenanthrene rings within the chains of the 
copolymers and the consequential minor contribution to their crosslinking density. 
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Figure 3.14 Fox predicted and actual relationship between T, and composition of 
PETl-5/BPP blends. 
3.3.6. TG analvsis of PETI-5 and PETI-5 blends 
The dynamic TG thermograms of PETI-5 and PETI-5/13PP blends cured at 400T 
for l6h under N. ) are shown in 3.15. 
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Figure 3.15 Dynamic TG scan of PETI-5 neat resin and PETI-5 blends cured at 
4000C for 16h under N2- 
The TG thermograms indicated that the cured PETI-5 and the copolymers 
possessed good thermal stability up to about 51 OT after which they began sustaining 
considerable weight losses due to decomposition. PETI-5 and PETI-5/BPP(85%-15% 
w1w) resins exhibited similar TdS with the neat resin suffering a 5% and 10% weight 
loss at 5180C and 5710C respectively and the copolymer at 5050C and 570"C 
correspondingly. The greatest then-nal resistance was displayed by PETI-5/BPP(25%- 
75% w/w) and PETI-5/BPP(80%-20% w1w) copolymers demonstrating only a 10% 
weight reduction at ca. 600'C (see table 3.2). All the resins showed 100% weight loss 
at ca. 750'C except for PETI-5/BPP(25%-75% w/w) copolymer that was shown to 
lose weight much more slowly than the other resins, presumably due to its different 
crosslinking structure, maintaining about 5% of its weight even at temperatures as 
high as 850T. 
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Cured resins TG analysis, 5%, 
Weight loss 
(0c) 
TG analysis, 10% 
Weight loss 
("c) 
PETI-5/BPP (85%-15% w/w) 505 570 
PETI-5/BPP (80%-20% w/w) 546 591 
PETI-5/BPP (25%-75% vt, /w) 576 609 
PETI-5 518 571 
BPP r1 550 1 
574 
,- 
Table 3.2 Temperatures of 5% and 10% weight loss ofthe PFTI-5 i1cat resin and 
PETI-5 blends cured for l6h at 400"C under Ni. 
The Td trend followed by the resins as indicated by the dynamic TG analysis (TI 
of copolymers > Td of PETI-5), perhaps provided some evidence 1br the presence ol' 
phananthrene links. Although the existence of tile latter was not capable of 
dramatically increasing the Tg of PETi-5, it nevertheless provided extra thernial 
resistance to improve significantly the Td of the copolymers compared to IIFTI-5. Tr 
is mainly governed by rigidity and chain flexibility parameters whereas T, j is 
primarily governed by the nature of the bonding of polymer backbone and tile 
crosslinks (aromatic or aliphatic). Therefore, the improved 'I'd of' the copolymers 
compared to the corresponding of PETI-5 neat resin was a strong indication for file 
presence of thermally stable links, such as phenanthrene rings, in the structures ofthe 
resins that provided extra thermal resistance. Furthermorc, the I, act that PFTI- 
5/BPP(25%-75% w1w) was more stable than BPP neat resin and considering that 11111' 
is more thermally stable than PETI-5, strongly supported the presence (4 
phcnanthrene moieties in the structure of' the cured PETI-5/1114)(25%-75% 11VIO 
blend. 
33-7 IWLstu(liclsofPETI-5rcsiiiaiidPETI-51BPPbleti(i. v 
The long term TOS ot'the cured PETI-5 and cured PETI-5/1111, blends at 370A, 
(a realistic representation of* the temperature environment of' a hlgh-spccd aircralt) 
was assessed by IWL studics carried out in a high tell) perat Ll re Pyrollicrin oven. Yhe 
plot of'% weight loss of tile samples vs. tinic is shown in figurc 3.10. 
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Figure 3.16 IWL studies (370'C) in air of PETI-5 and PETl-5/BPP blends cured at 
400'C under N2 for 16h. 
At the initial stages of the study, the resins demonstrated almost identical thermal 
resistance up to about 30h of ageing at 3700C. Upon continuous heating for longer 
periods of time, the then-nal stability of the PETI-5/BPP(85%-15% w1w) resin 
deviated from the rest of the samples due to a more rapid reduction in weight. The 
neat resin of PETI-5 exhibited a similar weight loss profile to PETI-5/BPP(80%-20% 
w1w) and PETI-5/BPP(25%-75% w1w) copolymers until about 200h, after which the 
weight of the copolymers began declining more rapidly compared to PETI-5. All the 
resin showed total weight loss roughly after about 330h of constant heating at 370T. 
As mentioned in chapter 2, a realistic assessment of the long term TOS requires 
large samples and long ageing times (>>300h). Considering that in the literature it has 
been demonstrated that PETI resins exhibit moderate TOS (14-20% weight losses) 
after 1500h at 371 oC 13 then it would be reasonable to assume that the TOS of PETI- 
5/BPP(80%-20% w1w) and PETI-5/BPP(25%-75% w/vt) blends would have also 
exhibited at least similar stability under the corresponding conditions owing to the 
fact that in this study the blends were tested under identical conditions and were 
shown to exhibit comparable TOS to PETI-5 neat resin. Furthen-nore, the reason that 
under dynamic testing (see figure 3.15), the PETI-5/BPP(25%-75% w/w) copolymer 
displayed superior stability compared to PETI-5 neat resin, whereas under static 
conditions both demonstrated similar stability, is due to the fact that TG analysis is at 
best an approximation technique and provides no accurate indication of the true TOS 
of resins. 
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3.4. Summary 
This chapter gives a detailed account of the thermal propcrtics ol' III. -H-5/111,11 
blends. Curing of the blends was carried out thermally at 370"(' and 400"C under N., 
and aimed at the formation of resins with improved thermal properties colllparcd to 
IIETI-5 neat resin due to the possible formation ol'plicilanthrene links by tile reaction 
between the biphenylene and phenylethynyl reactive functional I tics. 
TMA analysis revealed that tile T,, s of the cured resins were not drunaticalk, 
higher than the corresponding Tgs of PETI-5 and this was attributed to tile "(filuted" 
presence of phenanthrene links in the structures of the resins. The highest '1',, s were 
exhibited by PETI-5/BPP(25%-75% 1/04) cured resins reaching ca. 358"C aftcr 
curing at 4000C for 16h. 
TG analysis showed that the cured blends were charactensed by higher Tjs 
compared to PETI-5 neat resin. PETI-5/BPP(25%-75% ic/)v) resin was sliowil to hc 
more stable than PETI-5 demonstrating a 10% weight loss at 609"C. The high T, js of' 
PETI-5/13PP resins were attributed to the presence of' the flicrinally stabic 
phenanthrene links. 
IWL studies at 3700C indicated that both PETI-5 neat resin and PFAI-511111) 
blends exhibited similar TOS demonstrating almost 100% weight reduction after 33011 
of ageing. 
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Chapter 4: Synthesis of BDF Imide Monomer and Thermal 
Characterisation of BDFIBPP and BDFIPETI-5 Blends 
This chapter describes the synthesis of the new fluorinated novel imide model 
compound 2-(2-[2'-biphenylenyl]-1,3-diketolsoindolin-5-yi)-1,1,1,3,3,3- 
hexafluoropropane (BDF) and gives an account of the thermal properties of' flic 
copolymers formed by blending BDF with BPP or PETI-5 neat resins separately, 
Analogous to chapter 3, copolymerisation of BDF with PETI-5 is aimed at the 
formation of resins with improved Tgs compared to PETI-5, due to the postulated 
1,2 
phenanthrene-forming reaction between biphenylene and acetylene groups . 
Moreover, the presence of fluorinated groups in BDF should have the capability of 
increasing the TOS of the resulting BDF/PETI-5 and BPP/BDF copolymers compared 
to the TOS of the individual PETI-5 and BPP resins respectively since this is a 
concept that has been demonstrated in the literature for PMR polyij-Dides 
3 incorporating fluorinated groups in their backbones 
The BDF novel compound was fully characterised by FTIR and 1H NMR 
spectroscopy whereas the thermal properties of BDF compound and BDF blends were 
investigated using DSC, TMA, TG and IWL studies. 
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4.1. Synthesis of BDF monomer and preparation of BDF/BPP and 13DF/PETI-5 
blends 
This section deals with the synthesis of the novel imide compound BDF, and the 
preparation of BDF/PETI-5(1: 1 molelmole, 13%-87% "Vw), BDF/BPP(67%-33% 
iv/w) and BDF/BPP(33%-67% w/w) polymer blends. 
4.1.1. SynthesisofBDF 
Starting materials 
4,4'-(Hexafluoroisopropylidene)diphthalic anhydride 99% was purchased from 
Lancaster Chemical Co. and used as received. 2-Aminobiphenylene was synthesised 
as described elsewhere (chapter 2, section 2.1.3) and anhydrous dimethylacetamide 
99.8% (DMAc), toluene and ethanol 99+% were purchased from Aldrich Chemical 
Co. Dichloromethane and anhydrous diethyl ether were purchased from BDH 
Laboratory Supplies. 
Ex, verimental vrocedure 
4,4'-(Hexafluoroisopropylidene)diphthatic anhydride (2.0g; 4.5 mmol) and 2- 
aminobiphenylene (1.5g; 9.0 mmol), were added with DMAc (I 5ml) and dry toluene 
(15ml) to a one neck, round-bottom flask (100ml) equipped with a magnetic stirrer, 
nitrogen inlet (bubbler), Dean-Stark trap and a reflux condenser. The mixture was 
then heated at reflux temperature (160'C) for 12h by means of a silicone oil bath. The 
model compound product precipitated upon dropwise addition of warm water (20ml) 
and it was then filtered and collected on a Buchner funnel. The gummy, orange/brown 
product was washed with an excess of anhydrous diethyl ether (50 ml) and allowed to 
dry (in air) for 6 hours. The imide was then placed in a vacuum oven for 12h at 1200C 
to dry. Purification of the resulting orange powder using flash chromatography (230- 
400 mesh silica gel, dichloromethane) afforded yields of greater than 75% of bright 
orange product (DSC: m. p 145-1480C, 278-2800C). Calculated for C43H2()N204F6: C 
69.55%, H 2.71%, N 3.77%. Found: C 69.56%, H 2.27%, N 3.41%. The reaction 
scheme for the synthesis of BDF is shown in figure 4.1 
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Figure 4.1 The synthesis of BDF. 
4.1.2. Preparation of BDFIPETI-5 (1: 1 molelmole, 13%-87% w1w) blend 
Starting materials 
BDF was synthesised as described elsewhere (section 4.1.1) and PETI-5 
(50OOg/mol) was provided by NASA Langley Research Centre and used as received. 
N-Methyl-2-pyrollidinone 99% (NMP) and ethanol 99+% were purchased from 
Aldrich Chemical Co. 
Experimental procedure 
PETI-5 (0.90g; 0.19 mmol), BDF (0.13g; 0.19 mmol) and NMP (20ml) were 
added together in a round bottom flask (100 ml) equipped with a magnetic stirrer, 
nitrogen inlet (bubbler) and a reflux condenser. The mixture was then heated in an oil 
bath at reflux temperature (I 80'Q for 12h. The product precipitated by dropwise 
addition of warm water (20ml) and it was then filtered and collected on a Buchner 
funnel. The resulting dark brown powder product was placed in a vacuum oven for 
12h at 120'C to dry and yields greater than 90% of product were obtained. 
4.1.3. Preparation of BDFIBPP(33 %-6 7% w1w) blend 
Starting materials 
BDF was synthesised as described in section 4.1.1 and BPP was synthesised 
using the amine route described elsewhere (chapter 2 section 2.1.4.2). N-methyl-2- 
pyrollidinone 99% (NMP) and ethanol 99+% were purchased from Aldrich Chemical 
Co. 
Experimental procedure 
A mixture of BPP (0.84g; 0.21mmol), BDF (0.42g; 0.56 mmol) and NMP (20ml) 
were stirred under nitrogen at reflux temperature (180'C) for 12h. Upon dropwise 
addition of warm water (20ml) , the product precipitated out as a fine powder and it 
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was then collected on a Buchner funnel. The resulting "dirty" yellow powder product 
was placed in a vacuum oven for 12h at 1200C to dry and yields greater than 751vo 
were afforded. 
4.1.4. Preparation of BDFIBPP (67%-33% w1w) blend 
Starting materials 
BDF and BPP were synthesised as described elsewhere (section 4.1.1 and 
Chapter 2 section 2.1.4b respectively) and N-Methy 1-2-pyro II idi none 99% (NMP) and 
ethanol 99% were purchased from Aldrich Chemical Co. 
E. Kperimental procedure 
In a round bottom flask (I 00m]) equipped with a reflux condenser, a magnetic 
stirrer and a nitrogen inlet (bubbler), BPP (0.5g; 1.3 mmol), BDF (1.0g; 0.7 111111ol) 
and NMP (20ml) were added, and the mixture was heated at reflux temperature 
(1800C) for 12h. The product precipitated by dropwise addition of warm water (20ml) 
and it was then filtered and isolated on a Buchner funnel. The resulting light brown 
powdered product was placed in a vacuum oven for 12h at 1200C to dry and yields 
greater than 75% were obtained 
4.2. Spectroscopic analysis of BDF monomer and BDF blends 
In this section the 'H NMR and FTIR spectra of BDF imide compound are fully 
assigned. Furthermore, in an attempt to verify the maintenance of the ethynyl bond in 
BPP and PETI-5, after the blending with BDF in NMP, the FTIR spectra of the blends 
were recorded and analysed. The FTIR spectra (in the form of KBr disks) were 
recorded by using a Perkin Elmer/System 2000 FT-IR spectrometer whereas tile III 
NMR spectrum of BDF was recorded in CDC13 (at 298K) by using a Bruker AC-300 
spectrometer operating at 300.15 MHz. 
It should be mentioned that 1H NMR spectroscopy was not used as an analytical 
technique for characterising the blends due to the insolubility of tile BPP monomer in 
common NMR solvents. 
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4. Zl. Assignmentof the FTIR spectrum of BDF 
The IR spectrum of BDF (see figure 4.2) was mainly characterised by strong 
absorption bands due to the carbonyl and -CF3 stretching vibrations. The strongest 
I absorption in the spectrum, appearing at 1721cm- , was due to the symmetric stretch 
of the carbonyl group and adjacent to it, the weak absorption band at 1782cm-1, was 
due to the asymmetric carbonyl stretch. The presence of these two characteristic 
carbonyl absorptions provided strong evidence for the presence of the imide ring. The 
multiple medium/strong bands appearing in the region 1120-1272cm-1 were due to the 
CF3 stretching modes 4. Furthermore, the presence of the strong band at 1362cm-1 was 
attributed to the N-C-N stretching 4 and it was additional evidence for the presence of 
the imide ring suggesting that the synthesis of the imide model compound was 
successful. The characteristic IR absorption bands of BDF model compound are listed 
in table 4.1. 
4000 3600 3200 2800 2400 2000 1600 1200 800 
Wavelength (cm") 
Figure 4.2 The IR spectrum (KBr) of BDF. 
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Position 
Intensity Assignment 
(Cm- I) 
3054 Weak Due to aromatic C-1 I stretching 
1780 Weak Due to the asymmetric C=0 stretching vibration 
1710 V. Strong Due to the symmetric C=O stretching vibration 
Probably due to the C-11 out of plane bending 1470 Weak-Medium 
vibration of 1,2,4-tri substituted benzene ring 
1362 Strong Probably due to the C-N-C stretching vibration 
1272-1120 Strong-Medium Multiple bands due to the -CF3 stretching modes 
Probably due to the C-11 bending of 1,2- 0 Strong 
r isubstituted benzene ring 
Table 4.1 Assignment of the absorption bands in the IR spectrum of BDF. 
4.2.2. The 1H NMR spectrum of BDF monomer 
The lH NMR spectrum of BDF monomer was recorded in CDC13 at room 
temperature by using a Brucker AC-300 spectrometer operating at 300.15 MHz. 
Owing to the absence of any aliphatic protons, the 11-1 NMR spectrum of BDF 
(see figure 4.3a) comprised only aromatic signals. In particular, the spectrum 
consisted of one set of overlapping multiplets due to the protons attached to the 
biphenylene rings and a second set of signals, consisting of two doublets and a singlet, 
due to the protons attached on the phthalimide rings of BDF. 
The overlapping multiplets due to the biphenylene protons (see figure 4.3b) 
appeared in the region of the spectrum between 6.62-6.82 ppm and owing to the 
complexity of the signals, identification of any chemical shifts or coupling constants 
corresponding to the biphenylene protons was impossible. The only true evidence 
supporting the presence of "biphenylenic" hydrogen atoms came from the magnitude 
of the integral of the complex aromatic multiplet since it corresponded to the exact 
number (14) of protons attached to the biphenylene rings. The doublet at 8.01-8.05 
ppm was due to the HA hydrogen coupled with Hij OA, jý8 Hz) and the doublet at 7.85- 
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7.89 ppm was due to HB hydrogen coupled with HA PBAý8 Hz). The singlet at 7.90 
ppm was probably due to the resonance of Hc proton (see figure 4.3c). 
Figure 4.3a The lH NMR spectrum of BDF. 
Signals due to protons 
attached to the 
biDhenvlene ring Signals due to the protons 
attached to the unide ring 
82 80 78 7.6 7.4 7.2 7.0 6,8 6.6 PPM 
Figure 4.3b The aromatic region of the 1H NMR spectrum of BDF. 
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Figure 4.3c Region between 8=8.85-8.05 1H NMR spectrum of BDF. 
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4.2.3. FTIR spectra of BDF blends 
Following the same procedure as in chapter 3, to verify the preservation of the 
ethynyl groups upon refluxing the blends in the NMP, the FTIR spectra ofthe blends 
were collected and the region in the spectra at ca. 2200 cm-1 was examined. The FTIR 
spectra of the blends are show in figures 4.4 and 4.5. 
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Figure 4.4 FTIR spectra of PETI-5/13PP blends; region between 3900-400cm-1. 
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Figure 4.5 FTIR spectra of PETT-5/BPP blends; region between 2400-1900cm-1. 
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As can be seen from figure 4.5, the characteristic ethynyl absorption band, at ca. 
2200 cm-1, was present in the all the spectra of BDF blends thus verifying the 
conservation of the ethynyl bond after the blending process in NMP. 
4.3. Thermal characterisation of BDF novel compound and BDF blends 
The thermal characteristics of the BDF compound and BDF blends were 
determined using DSC and TMA while TG and IWL studies were used for evaluating 
the Td and TOS respectively of the polymer blends. 
4.3.1. Sample preparation and experimental conditionsfor thermal analysis 
DSC analysis was performed using a TA calorimeter (TA Instruments DSC 2920) 
at a heating rate of 1OKmin-1 (from 50-5500C) under nitrogen atmosphere at a flow 
rate of 40mlmin-'. Powder samples (3-7mg) of BDF and BDF blends were prepared in 
hermetically sealed aluminium pans and placed in the DSC instrument. 
TMA analysis was performed on a Perkin Elmer TMA-7 instrument at a heating 
rate of 1OKmin-1 in helium at a flow rate of gOmImin-1. BDF/BPP or BDF/PETI-5 
blends were prepared in open aluminium pans and they were subsequently placed in 
glass tubes. A nitrogen stream was carefully flushed in the tubes for two minutes to 
ensure that all the oxygen was driven off and the tubes were then cut and sealed by 
means of an oxygen flame burner. The samples were then placed in a high 
temperature Pyrotherm oven and allowed to cure at 3700C or 4000C at curing times 
ranging from 1-16h. The Tg of the resulting cured resins (in the form of disks) was 
then determined by TMA using the probe in penetration mode. 
The dynamic TG analysis of the BDF blends cured for 16h at 400T under 
nitrogen was performed on a Perkin Elmer TGA-7 instrument at a heating rate of 
20Kmin-1 in flowing air (40mlmin-1). The weight loss profile of the powdered, cured 
blends (prepared by grinding the cured blend resin disks formed in the DSC pan using 
a pestle and mortar), was determined over a temperature range of 50-850T. 
The IWL studies for determining the long term TOS of the blends cured at 400T 
for 16h under nitrogen were conducted in a high temperature Pyrotherm oven. The 
DSC pan cured resins were subjected to 370T over a period of 308h during which the 
weight loss of the samples was recorded at regular time intervals, 
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4.3.2. DSC analysis of BDF model compound 
The DSC thermogram of BDF is shown in figure 4.6. The plot consisted oftwo 
small melting endotherms occurring at 1450C and 279"C and one exotherm. The 
exotherm, having onset temperature and peak maximum at NOT and 350T 
respectively, was due to the polymerisation of biphenylene. The occurrence of two 
melting endotherms was quite surprising and suggested that either there was a 
mesophase present, as a result of formation of thermotropic liquid crystals after tile 
first melting event of BDF at 145 OC, or that the BDF compound consisted of 
polymorphic crystals. Liquid crystallinity occurs when molecules become aligned in a 
pseudo-crystalline array while in the liquid or melt state 15,6 whereas polymorphism is 
the phenomenon where a compound can precipitate (in the case of BDF during 
precipitation from dichloromethane; see section 4.1.1) to form numerous crystal 
structures that have different properties such as melting points 7. 
In order to identify the true origin of the two melting transitions, the BDF 
compound was examined under a polarising microscope equipped with a heating 
stage. The examination revealed no birefringence (double refraction of the polarising 
light; characteristic feature of liquid crystals) after the point of the first melting 
transition (1450C) suggesting the absence of liquid crystallinity or a mesophase. 
Following that, and although not definite, the only reasonable explanation that can be 
given to justify the double melting point of BDF is the one suggested earlier, that 
probably the compound consisted of polymorphic crystals which, owing to their 
different structures, produced two melting points. 
Perhaps it should be noted that the presence of the second melting endotherm 
could not have been due to unreacted starting materials present as impurities in BDF 
since both the amine and anhydride precursors have melting points that differ from 
those exhibited by BDF (2-aminobiphenylene: m. p 124-125T, 4,4'- 
(hexafluoroisopropylidene)diphthalic anhydride: m. p 244-247 OC). Furthermore, tile 
possibility that the drying process (120'C) in the preparation of BDF might have 
caused partial polymerisation, and hence a Tg thermal event, was excluded since BDF, 
polymerises at temperatures higher than NOT as indicated by the DSC data. 
Moreover, the prospect that the two melting endotherms might have been due to tile 
presence of a monoimide compound was also eliminated, since the 111 NMR spectrum 
of the BDF monomer did not provide any evidence to justify this assumption. 
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The DSC rescan of the DSC cured BDF revealed a weak point of intlection at a 
temperature close to 366'C that most likely was due to the Tg of the cured resin (see 
figure 4.6). 
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Figure 4.6 The DSC thermograms of the uncured and cured BDF. 
4.3.3. DSC analvsis of BDF blends 
The DSC then-nograms of the uncured blends are shown in figures 4.7a, 4.7b, 
4.7c. For comparative purposes, the thermograrn of each blend is displayed as an 
overlay with the DSC plots of the uncured precursors. 
The DSC thermogram of BDF/PETI-5 (1: 1 molelmole, 13%-87% blend (see 
figure 4.7a) comprised two weak thermal events at 231'C and 328)C that 
corresponded to the Tg and T,,, of PETI-5 present in the mixture and it lacked of any 
T endotherms characteristic of BDF. Furthermore, a broad and weak exotherm was 
apparent in the plot having onset and peak maximum at 397T and 4700C 
respectively. The breadth of the polymerisation exotherm, and in addition the 
similarity of the temperature characteristics to those of the corresponding uncured 
PETI-5. prevented determination of whether polymerisation proceeded through the 
co-reaction between the biphenylene rings, incorporated in BDF, with acetylene 
groups present in PETI-5, or whether it was simply a result of the exotherms ofthe 
individual components in the blend overlapping together. The DSC rescan of' the 
cured blend (see figure 4.8) was devoid of any thermal transitions and as a result the 
Tg of the cured blend could not be established. 
The DSC scan of BDF/BPP(33%-67% w/w) blend (see figure 4.7b) revealed an 
endotherm at 280'C and polymerisation exotherm having onset temperature and peak 
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maximum at 310'C and 375'C respectively. The endotherin at 280T was most likely 
a result of a combination of the T,, s of BPP (278-2800C) and BDF (second T,,, at 
2790C) since both compounds have almost identical melting points that probably 
overlapped in the plot, giving rise to only one T,,,. Interesting, however, the 
thermogram was absent of an endotherm at ca. 1470C due to the I irst melting event of' 
BDF. The single polymerisation exotherm resembled that for the self-reaction of BPP. 
Considering that the latter most likely involves a phenanthrene-forming reaction, then 
possibly the process involved in the copolymerisation of the BDF/BPP(33%-67% 
Ww) blend included formation of phenanthrene links. Similar to BDF/PETI-5(1: 1 
molelmole, 13%-87% w/w), the DSC rescan of the DSC cured blend (see figure 4.8) 
did not reveal any thermal transitions thus making determination of the T. of the 
cured resin impossible. 
The DSC plot of the uncured BDF/BPP(67%-33% Wu) (see figure 4.7c) 
involved two endotherms appearing at 136'C and 207"C and a very broad 
polymerisation exotherm having onset and peak maximum at 2940C and 359"C 
respectively. The endotherms probably reflected the two melting points of BDF but 
being shifted to lower temperatures, due to the disruption of the crystallinity in BDF 
by blending with BPP. Also, the characteristic, sharp endotherm, due to the T,,, of BPP 
(2800C), was absent from the DSC thermogram of the blend possibly suggesting co- 
crystallisation of BDF and BPP upon mixing. Like BDF/PETI-5(1: 1 molelmole, 13%- 
97% w/w), the origin of the broad polymerisation was difficult to determine and 
although not obvious, it could be a result of overlapping of the individual exotherms 
produced separately by the homopolymerisation of BPP and BDF and also by the 
copolymerisation of BDF with BPP. The information about the T. of the cured resin 
provided by the rescan data, following the curing of the blend in the DSC machine 
(see figure 4.8), was analogous to that obtained for the previous BDF blends and 
similarly there was no evidence of an obvious T.. 
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Figure 4.7a DSC plots of the uncured BDF/PETI-5 BDF/PETI-5(1: 1 molelmole, 
13%-87% w/w), PETI-5 and BDF. 
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Figure 4.7b DSC plots of the uncured BDF/BPP(33%-67% w1w), BDF and BPP. 
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Figure 4.7c DSC plots of the uncured BDF/BPP(67%-33% w/w), BDF and BPP. 
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Figure 4.8 DSC thermograms of the cured in the DSC machine BDF blends. 
4.3.4. TMA analvsis of BDF blends 
Owing to the fact that the T_, of the cured BDF blends could not be detected 
clearly by the DSC method (evidenced by the DSC rescan of the blends; see figure 
4.8), TMA was employed as an alternative technique for establishing the T. of the 
resins cured at 3700C and 400T under N2 at curing times varying from 1-16h. 
The TMA plots of BDF/PETI-5(1: 1 molelmole, 13%-87% w/w) blend cured at 
370T and 400T for 1-16h are displayed in figures 4.9 and 4.10 respectively. The 
data indicated that the T. of the copolymer lay in the region between 243T-301T. 
depending on the curing temperature and time used (see table 4.2). and moreover, as 
the curing time and temperature increased, the Tg also increased reaching 301T upon 
curing the blend for 16h at 400T. A noticeable feature in the TMA thermogram of 
BDF/PETI-5(1: 1 molelmole, 13%-87% w1w) cured for l6h at 400T was that the'r.. or 
the copolymer was quite broad. This could be explained by the presence of a range of 
crosslinked structures (as a result of extended curing time), with different T. values 
arising from different structural units. 
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Figure 4.9 TMA plots of BDF/PETI-5(1: 1 molelmole, 13%-87% w/w) cured at 370T 
under N2 for I- I 6h. 
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Figure 4.10 TMA plots of BDF/PETI-5(1: 1 molelmole. 13%-87% w1w) blend cured 
at 400'C under N2 for I- I 6h. 
The blend of BDF/BPP(33%-67% w1w) cured at 370T and 400T at different 
curing times (see figure 4.11 and 4.12 respectively) followed a comparable Tg trend to 
the corresponding resins of BDF/PETI-5(1: 1 molelmole, 13%-87% since 
similarly, the Tg kept increasing as curing time and temperature increased reaching a 
maximum value of ca. 4500C after curing for l6h at 4000C (see table 4.2). The slight 
resin expansion, observed in the TMA plots of the resin cured for l6h at 370"C' and 
400T respectively, was probably due to the "release" of traces of substances, present 
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in the structures of the homopolymers that degraded such are. for example, unreacted 
biphenylene. 
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Figure 4.11 TMA plots of BDF/BPP(33%-67% w1w) blend cured at 370'C under N2 
for I- I 6h. 
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Figure 4.12 TMA plots of BDF/BPP(33%-67% w1w) blend cured at 4000C under N-, 
for I- I 6h. 
In the case of BDF/BPP(67%-33% w/w) blend, the T. trend exhibited by the 
cured resins was noticeably different from that of the blends described earlier. 
Although on curing at 370'C the Tg of the resin kept increasing with curing time (see 
figure 4.13), upon curing at 4000C, however, it remained relatively invariant after Ih 
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of heating (see figure 4.14). In particular, the T. reached a valuc ofabout 350"C aftcr I 
Ih of curing at 400T and longer curing times did not cause any significant cliangcs M 
the Tg (see table 4.2). This suggested that probably the copolyrncri sat lon reached 
completion after curing for Ih at 400T. 
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Figure 4.13 TMA plots of BDF/BPP(67%-33% w/w) blend cured at 370"C under N, 
for 1-16h. 
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Blends compositions and cure temperature 
T, (T) after the following 
curing thues 
Ih 4h 16h 
BPP/BDF(67%-3-'5% w/w) cured at 370'C in N2 310 337 368 
BPP/BDF(67%-' 33 3% w/w) cured at 400'C in N2 328 380 450 
BDF/BPP(67%-33% w/w) cured at 370'C in N2 298 333 350 
BDF/BPP(67%-33% w/w) cured at 400'C in N2 345 358 359 
BDF/PETI-5(1: 1 mole/mole, 13%-87% w/w) cured 
at 370'C in N2 
243 249 258 
BDF/PETI-5(1: 1 mole/mole, 13%-87% w/w) cured 
at 400'C in N2 
242 265 301 
BPP cured at 3 70'C in N2 299 333 394 
BPP cured at 400T in N2 361 451 
Table 4.2 Summary of the Ts of BDF blends, BPP and PETI-5 recorded by using 
TMA. 
Overall, from the Tg studies, only BDF/BPP blends provided some evidence for 
the presence of phenanthrene links due to the relatively high T, s exhibited by 
BDF/BPP resins. Apart from that, the only, and rather circumstantial, evidence for the 
formation of the latter, were the single exotherms, appearing in the DSC data of the 
uncured blends that perhaps suggested a selective co-reaction between the 
biphenylene and acetylene units thus leading to the formation of phenanthrene links. 
However, the prospect that the origin of the single exotherms might have been due to 
a combination of two exotherms, produced by the homopolymerisation of the 
individual constituents of the blends is also feasible. Moreover, the presence of a 
single Tg in the DSC and TMA thermograms of the cured blends was not a strong 
supporting evidence for the presence of phenanthrene structural units since if tile 
curing process of the blends involved formation of a mixture of miscible 
homopolymers, rather than a copolymer containing phenanthrene links, then these 
would have also exhibited a single T.. 
Realistically, the broadness of the polymerisation exotherms suggested that 
probably there was a variety of crosslinking reactions taking place during the thermal 
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curing of the blends including phenylethynyi-phenylethynyl, phenylethynyl- 
biphenylene. biphenN-lene-biphenvlene, polyene-biphenylene and phenylethynyl- 
polvene. 
EvIdentIv. the highest T, s were exhibited by the blends having the highest BPP 
content and also when cured at 4000C, suggesting that heavy crosslinking is more 
favourable at temperatures higher than 370'C as evidenced by TMA. This 
phenomenon has also been observed in the thermal curing of BPP and BPP/PETI-5 
blends. Although the exact cause of this behaviour is unknown, it is most likely that 
curing at 400"C resulted in more efficient crosslinking compared to curing at 370"C 
and perhaps to different crosslinking structures. 
By comparing the three different types of blends prepared, the copolymers made 
by mixing BDF with PETI-5 exhibited the lowest T_, s and most likely the main reason 
for this was again the difference between the crosslinking densities of the cured 
resins. BPP and BDF are very small molecules compared to PETI-5 and consequently, 
in a blend consisting only of BDF and BPP, the proximity of the crosslinking sites is 
also greater. Therefore, the co-reaction between the biphenylene and acetylene groups 
would be better promoted in a blend made of BPP and BDF rather than in a blend 
made of PETI-5 and BDF. Furthermore, the greater flexibility of the backbone of 
PETI-5 is perhaps another important parameter that might contribute to BDF-PETI-5 
copolymers exhibiting lower TO compared to those of BPP/BDF. 
The important point to highlight here is that the T. of PETI-5 was not improved 
by blending with BDF since the cured BDF/PETI-5 (1: 1 molelmole, 13%-87% Vl)/Ii, ) 
resins exhibited Ts that were comparable, and in most cases lower, than the 
corresponding PETI-5 T. thus questioning whether phenanthrene links were truly 
formed upon blending with BDF or if the extent of formation of the latter was 
significant enough to improve the Tg of the resin. 
4.4.1. The Fox equation 
The dependence of the T,. s of BDF/BPP copolymers to blend composition was 
examined using the Fox equation (see chapter 3, section 3.3.5). By using this simple 
model that prediCtS8 that the Tg of a miscible copolymer should be lower than the 
linear relationship (Tg =WTgl+W2Tg2) of the individual Tgs of the constituents 
comprising the blend, the theoretical Tgs of the two BDF/BPP copolymers were 
calculated (13PP T, =45 I OC, BDF Tg= 366'C) and compared with their corresponding 
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experimental Tgs obtained by TMA. The regression plot of the experimental and the 
predicted Tgs of the resins cured for 16h at 4000C vs. composition are shown in figure 
4.15. 
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Figure 4.15 Fox predicted and actual relationship between T, and composition of 
BDF/BPP blends. 
Figure 4.15 indicated that at high BPP content (>55%) the Tg of BDF/BPP 
copolymers exhibited a positive deviation from the Fox prediction, whereas at high 
BDF content (>45%) a negative deviation was apparent. The positive deviation 
suggested that the resulting T. of the cured resin was not a "product" arising from the 
Tgs of the individual cured structures of BPP and BDF polymers, as predicted by the 
Fox equation, but probably a result of formation of rigid crosslinking units that lead to 
an increase in the Tg of the cured resin, thus causing a positive deviation from the Fox 
assumption. The negative deviation suggested that the structures of the resins were 
more flexible than predicted by the Fox equation and perhaps at a lower than 55% 
BPP content, the concentration of the phenylethynyl groups is not sufficient for the 
phenanthrene-forming reaction between the biphenylene groups of BDF and the 
phenylethynyl groups of BPP to take place. This probably explains the reason why the 
Tg of BDF/BPP(67%-33% w/w) resin remained constant after lh of curing at 400T. 
Presumably, owing to the lack of sufficient phenylethynyl groups, curing of the blend 
proceeded mainly by the copolymerisation of the excess biphenylene groups present 
in BDF and BPP, and perhaps Ih of curing at 4000C provided enough energy for 
crosslinking process of the biphenylene reactive functionalities to reach completion. 
Moreover. the fact that the resin with a negative deviation from the Fox prediction 
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exhibited just one T. rather than two separate Tgs indicated perhaps that there was 
miscibility of the BDF and BPP homopolymers in the blend. 
At this point it should be mentioned that a realistic examination of tile 
dependence of T, on blend composition can only be made by comparing the actual, 
and the Fox predicted Ts of several BDF/BPP blends over a range of different 
compositions. Here the T. dependence was assessed by using only two different 
compositions and by no means provided a definite indication of the nature of the 
cross)Inks formed during the copolymerisation of the blends. 
4.4.2. TG analysisof BDF resins 
The welght loss profile of the polymer blends cured at 4000C for 16h under 
nitrogen -,. vas determined by dynamic TG analysis at 20kmin-1 in flowing air 
(40mlmm-1) over a temperature range of 50-850'C (see figure 4.16). 
The analysis revealed that BDF/BPP(33%-67% w1w) and BDF/BPP(67%-33% 
iv/ii) copolymers exhibited similar thermal stabilities with the former resin sustaining 
a 5% and 10% weight loss at 570T and 598T respectively, and the latter displaying 
a 5% and 10% weight loss at 5550C and 5760C correspondingly. In both cases, 100% 
weight loss occurred at about 730-7800C. Furthermore, BDF/PETI-5(1: 1 molelmole, 
13 )%-87% 11, /11) was shown to exhibit a 5% and 10% weight reduction at 539T and 
586T respectively and suffering 100% weight loss at 750T. The most important 
piece of information provided by the TG analysis was that all the copolymers were 
characterised by a higher thermal decomposition temperature compared to PETI-5 and 
a comparable to that of BPP (see table 4.3). This suggested that, in the case of 
BDF/BPP copolymers, the type of crosslinks formed by the curing of blends was 
similar to that of BPP resin, and by considering that homopolymerisation of the latter 
involves phenanthrene links, then possibly the crosslinking process of BDF/BPP 
blends might have also involved formation of phenanthrene rings. Moreover, different 
crosslinks than those present in PETI-5, possessing a greater degree of stability, were 
most likely formed during the curing process of the BDF/PETI-5 blends resulting to 
an increase in the thermal resistance of the resin compared to PETI-5. Also tile 
presence of fluorinated moieties was probably an additional factor that "supplied", at 
a certain degree, better thermal properties to the resins containing BDF. 
The fact that the BDF/BPP(67%-33% iv/iv) copolymer was less stable than tile 
BDF/BPP(3')%-67% ii, /iv) resin justified the results obtained earlier using the Fox 
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prediction. Most likely the phenanthrene- form i ng reaction during the 
copolymerisation of BDF/BPP(67%-33% w1w) blend was not as probable as when a 
higher content of BPP was present in the blend due to the lack of enough 
phenylethynyl groups and therefore the resulting "deficiency" ofthe thermally stable 
crosslinks contributed to a poorer stability compared to the BDF/BPP(33%-67% vvvw) 
copolymer and thus to a negative deviation from the Fox prediction. 
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Figure 4.16 Dynamic TG scan of BDF blends cured for 16h at 400T under N2. 
TG analvsis, TG anivsis, 
5%, Weight I O'Yo We it ht 
Cured resins loss loss 
(0c) (OC) 
BDF/BPP(67%-33% iv/w) 555 576 
BDF/BPP(33%-67% Wit) 570 598 
BI)F/PFITI-5 (1: 1 molelmole, 1')%-87% vv/w) 5319 586 
BPP 550 574 
PETI-5 518 571 
Table 4.3 Temperatures of 5% and 10% weight loss ofthe BDF blends, B1313 and 
PETI-5 cured Ilor 16h at 400T Linder N-, 
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4.4.3. IWI, studies of BDF resins 
To assess the long term TOS of' the BDF blends (Cured i'or 1611 at 400"C under 
N2) at 3700C, IWL studies were conducted in a high temperature Pyrotherni oven over 
a period of -3 )08h 
during which the weight of BDF blends was recorded at regular time 
intervals. The plots of %weight loss at 3700C vs. time of the cured for 16h at 400"C 
BDF resins are shown in figure 4.17. For comparative purposes, the %weight loss at 
)70"C vs. time of PETI-5 and BPP resins (cured for l6h at 400"C under N2) arc also 
included in figure 4.17. 
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Figure 4.17 IWL studies (3700C) in air of BDF resin and BDF blends cured at 400"C' 
under N, for 16h. 
From the data it was evident that the CUred BDF/BPP(67%-')3% blend 
exhibited the highest long term TOS sustaining "only" a 48% weight loss after 300h 
of ageing at 3700C in contrast to ca. 90% shown by BDF/BPP(33)'/0-67% it- it, ) and 
BDF/PETI-5 (1: 1 mole/mole. 133%-87% w/w) copolymers. '['his Undoubtedly 
highlighted the important contribution, with respect to the long term TOS, offered by 
the fluorinated groups to the resin since the BDI-'/BI)13(67%-')' 1% w, w) copolymer was 
dramatically more stable than the neat BIT resin. This was unexpected considering 
the thermal stability trend shown by the 13DF copolymers in the TG analysis. 
Nevertheless. the same effect exerted by the -CF3 groups on the thermal resistance of' 
BDI-'/Bl-'P(67%-33% vi, /w) was also equally expected to apply I'M BDF/BlT(33%- 
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67% ii, /it) and BDF/PETI-5(1: 1 molelmole, 13%-87% iiAi) resins but surprisingly, 
however, the data revealed that the thermal durability of the latter resins was 
comparable to that of BPP and PETI-5 neat resins. This suggested that there were ofa 
number of possible degradation sites within the polymer chains that had greater 
influence on the thermal stability of the resin than the fluorinated groups. The most 
probable sources of degradation were unreacted biphenylene end-caps and 
tetrabenzocyclooctatetraene 9, the product of the biphenylene dimerisation reaction. 
Furthermore, by assuming that in the process of copolymerisation probably a self- 
reaction of the phenyethynyl bond was involved to afford benzene links and given that 
9,10,11 
even under ideal conditions the efficiency of the benzene ring formation is low 
then most likely further potential degradation sites included vinyl and aliphatic 
functionalities 9. 
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4.5. Summarv 
In this chapter the synthesis of the new monomer 2-(2-[2'-biphenyJeny1)-J, 3- 
diketoisoindolin-5-yl)-1,1,1,3,3,3-hexafluoropropane (BDF) was described. The 
compound was fully characterised using 'H NMR and FTIR spectroscopy. 
DSC analysis of BDF revealed two melting endotherms occurring at 147 T and 
2790C, and a polymerisation exotherm. having onset temperature and peak maximurn 
at 3300 OC and 350'C respectively. The presence of two T,,, s was ambiguous and was 
attributed to the polymorphic nature of the BDF crystals. The Tg of the cured BDF 
ýxas not very clear and seemed to lie in the region of ca. 3660C as evidence by DSC. 
BDF was blended with BPP and PETI-5 separately aiming for the formation ofa 
resin system with improved thermal properties compared to the corresponding PETI-5 
neat resin owing to the possible formation of phenanthrene links by the co-reaction 
between biphenylene and phenylethynyl groups. 
TMA analysis of the blends cured thermally at 3700C and 400'C in N2 revealed 
that the T,, of the blends was largely dependent on the temperature and time at which 
the blends were allowed to cure. BDF/BPP blends exhibited higher Ts compared to 
PETI-5 neat resin. The highest T. was exhibited by the BPP/BDF (67%-33% w/14) 
blend upon curing at 400'C for 16h in N2 reaching a value of 450T. This is almost 
identical to the Tg recorded for BPP resin since, under the same curing conditions, 
BPP exhibited a Tg of 4510C. On the other hand, Do improvement in the T. with 
respect to the T, of PETI-5 was realised by the blending of BDF with PETI-5. 
The blends exhibited higher TdS than PETI-5 as determined by TG analysis and 
this was attributed to the presence of the thermally stable phenanthrene links and to 
the presence of the CF3 groups. The long term TOS of the cured BDF/BPP(67%-33% 
iv/w) and BDF/PETI-5 (1: 1 molelmole, 13%-87% w/u) blends was similar to that of 
PETI-5 resin displaying approximately 90% weight loss after 300h of constant heating 
at 3700C. In contrast, BDF-BPP(67%-33% w1w) resin sustained only 48% weight loss 
under identical conditions outperforming both PETI-5 and BPP resin in terms of'FOS. 
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Chapter 5: Summary of Results and Future Work 
As mentioned in the previous chapters, the phenylethynyl terminated imide 
(PETI) resin was the leading candidate system for use as matrix in structurally 
advanced composites for use in the HSCT project. This family of resins exhibits good 
thermal and mechanical properties that outperform, in terms of "overall properties", a 
number of other existing competitive systems such as biphenylene-terminated imide 
resins (T. <2600Q, acetylene-terminated imide resins (narrow processing window) 
and [2.2]parac)-clophane-terminated imide resins (poor TOS at 3000C). However, 
although PETI systems. and in particular PETI-5 (RMM 50OOg/mol), are becoming 
established amongst the top of the range high performance resins, they nevertheless 
SLIffer from several deficiencies such as moderate long-term TOS at 371T and 
relativeiv low Ls that do not exceed 3000C. 
Aiming at the formation of a new thermosetting imide resin system that would 
have improved thermal properties compared to PETI-5, with regards to T. and long 
term TOS at 3 71 OC, the novel imide monomer BPP was synthesised. The synthesis of 
the monomer was achieved in two different ways. The first synthetic route involved 
the reaction of 4-PEPA with N-(2-biphenylene)acetamide whereas the second, 
involved the reaction of 2-aminobiphenylene with 4-PEPA. 
Based upon the possible phenanthrene-forming reaction between the acetylene 
and b1phenylene reactive functionalities present in the monomer, thermal curing of 
BPP should have the potential to form an imide resin incorporating the rigid and 
thermally stable phenanthrene links. In theory, owing to presence of the latter, the 
resulting homopolymer should have the capability to demonstrate a higher Tg and 
better TOS than PETI-5. Similarly, blending BPP with PETI-5 or, blending BPP with 
BDF, a second novel fluorinated imide monomer, prepared by the reaction of HFDA 
with 2-aniinobiphenylene, should also have the potential to form a resin with 
improved thermal properties compared to PETI-5. 
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5.1. Thermal properties of BPP vs. thermal properties of PETI-5 
Studies using DSC. revealed that the BPP monomer has a T... of ca. 280"C and a 
polymerisation onset occurring at 330'C thus offering a processing window of about 
50"C. This is greater than the corresponding PETI-5 oligoirnide, which was shown 
(DSC) to have a T,, of ca. 357'C and a polymerisation onset occurring at 380T. 
Attempts to assess the T,. of BPP homopolymer using DSC were unsuccessful 
and this was attributed to the high crosslink density of the homopolymer. 
Consequently. TMA was employed as an alternative technique for determining the T. 
of the cured BPP. TMA studies demonstrated that the Tg of the BPP homopolymer is 
dependent on the curing time and temperature used since high temperatures and long 
curing times seemed to favour high crosslink density and possibly formation of 
phenanthrene links. The highest T. was exhibited by the resin formed when the 
monomer was cured for 16h at 400'C under nitrogen, reaching a value of ca. 450T. 
In contrast, DSC studies revealed that the curing process of PETI-5 reaches 
cornplet) on after Ih of heating at 3 70'C owing to the fact that T. of the resin remained 
relatively constant at ca. 2800C even upon curing at higher temperatures (4000C) for 
longer curing times (>I h). 
IWL studies (370'C) of PETI-5 and BPP, cured for 16h at 4000C under nitrogen, 
demonstrated that both resins have comparable TOSs losing approximately 90% of 
their initial weights after 300h of isothermal ageing. Although to produce results that 
represent the real lifetime performance of a resin at a given temperature requires large 
samples and long ageing times, here the IWL studies were conducted using resins of 
the size of a few milligrams and by no means represented the real lifetime 
performance of the resins. Nevertheless, the results provided some indication 
regarding the TOS of BPP resin compared to PETI-5. 
5.2. Studies of the curing process of BPP 
In order to produce evidence to support formation of phenanthrene links, 
throughout the curing process of the BPP monomer, FTIR and DRIFTS spectroscopy 
were employed as analytical techniques for monitoring the curing path of the 
monomer. The information provided by a collection of FTIR spectra (collected at 
different times throughout the curing process at 370'C under N2) was very limited and 
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the only apparent feature in the data was the disappearance of tile ethynyl absorptloll 
band at 222 1 Ocrn" after Ih of curing at 3 3700C. 
Anak-sis of a collection of DRIFTS spectra (collected at different times 
throuuhout the curing process at 3000C in air) using chernometrics revealed that, 
except from the disappearance of the ethynyl absorption band at 2210 cm- 
1, there were 
sonic changes in the absorption bands at 1777 cm-1 (asymmetric carbonyl stretch), 
17-29 crn-1 (symmetric carbonyl stretch), 1614 cm- 
I ("ring breathing"), 1959 cm-1 
(cornbination band) and '1085 cm-1 (aromatic C-H stretch) with curing time. The 
*11UCtUatingy- trend followed by the carbonyl groups was ambiguous and difficult to 
explain but the decrease in the intensities of the aromatic C-H stretch and overtone 
hand in conjunction with the maintenance of the absorption due to the "ring 
breathing- Suggested heavy substitution of the benzene rings and possibly formation 
of the phenanthrene links. It should be mentioned that although the number of 
aromatic hydrogen atorns. before and after the formation of phenanthrene rings, is 
invariant. here the decrease in the intensity of C-H stretch with curing time was 
attributed to the different substitution patterns on the aromatic rings, before and after 
curing. that gave rise to different intensities in the DRIFTS spectra. 
5.3. Thermal characteristics of BPP /PETI-5 blends 
Blending of BPP with PETI-5 at various weight/weight compositions (PETI- 
5,113PP(85%-15% w/w), PETI-5/BPP(80%-20% w/w) and PETI-5/BPP(25%-75% 
\N/\\)) was aimed at formation of copolymers with improved thermal properties 
compared to PETI-5 resin. 
TNIA studies of the BPP/PETI-5 blends, cured at 370'C or 400'C Linder N2, 
indicated that the T,, of the copolymers was largely dependent on the amount of BIT' 
present in the blend and in addition, on the curing time and temperature employed. 
From the blends prepared, the highest T., was exhibited by PETI-5/BPP(25%-75% 
it-/ii) upon curing for l6h at 4000C, displaying a Tg of ca. 3580C. On the other hand, 
the blends having less content of BPP displayed comparable Ts to that of PETI-5. 
The inability of PETI-5/BPP(85%-15% w/w) and PETI-5/BPP(80%-20% w/w) resins 
to exhibit higher Ts than PETI-5 was attributed to the "dilute" presence of' 
phenanthrene links in the structural units of the copolymers. Furthermore, the fact that 
the T,, s exhibited by the BPP resin were higher than the corresponding Ts of' all 9 
BPP/PETI-5 copolymers prepared, was credited to the higher crosslink density ofthe 
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BPP resin owing to the greater proximity of the biphenylene and acetylene reactive 
functionalities present in BPP. 
Similar to BPP resin, the TOS of BPP/PETI-5 blends cured for 16h at 400T 
under N2. was comparable to the TOS of PETI-5 demonstrating roughly 90% weight 
loss after 300h of ageing at 370T. 
5.4. Thermal characteristics of BDF/PETI-5 and BDF/BPP blends 
F-Urther efforts to improve the thermal characteristics of PETI-5 involved 
copolymerisation of PETI-5 with the novel fluorinated imide monomer BDF. 
Moreover. BDF/BPP copolymers were also prepared hoping to produce a resin with 
better TOS compared to BPP, owing to the presence of fluorinated moities in BDF. 
The majority of the T, s exhibited by the copolymers, formed upon thermal curing 
of BDF/PETI-5(1: 1 inolelmole, 13%-87% w1w) blend at 370T or 400T for 1-16h 
under N,, were similar (2433T-301T) to the corresponding T. of PETI-5 (280T) and 
overall. no significant improvements were reallsed. This was attributed to tile limited 
presence of phenanthrene links or perhaps to a variety of different crosslinking units 
present in the structures of BDF/PETI-5 copolymers since otherwise, some 
improvements in the T.. relative to PETI-5 should have been observed. 
The To exhibited by the BDF/BPP copolymers BDF/BPP(67%-33% w/w) and 
BDF/BPP(')')%-67% ir/iv) were quite high (310'C-450'C), matching the ones 
exhibited by BPP. The similarity in the Tg s of the two resins was explained in terms 
of similar crosslink densities and also to the crosslinking units incorporated in the 
networks of the copolymers. 
The TOS (3700C) of BDF/PETI-5(1: 1 molelmole, 13%-87% vi, /w) and 
BDF/BPP(')-')%-67% wAv) blends, cured at 400'C for 16h under N2, were similar to 
those of PETI-5 and BPP respectively, suffering about 90% weight loss after 300h of 
ageing. This was perhaps evidence that the crosslink units and density of BDF/PETI- 
5(1: 1 molelmole, 13%-87% w/w) and BDF/BPP(33%-67% V1, /w) copolymers was 
similar to PETI-5 and BPP, as mentioned previously in the Tg studies. In contrast, the 
BDF/BPP (67%-3'3% vi, /14) blend, cured at 4000C for 16h under N2, exhibited a much 
higher thermal resistance sustaining only about 50% weight loss after 300h ofageing 
and this was largely credited to a contribution by the presence of excess fluorinated 
groups. 
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5.5. Conclusions 
A nevv imide monomer (BPP) containing both the phenylethynyl and biphenylene 
Z: ý groups Nvas synthesised. In comparison with PETI-5 resin, the homopolymer formed 
hý dierinal curing of BPP monomer exhibited higher T, s, possibly as a result of 
formation of phenanthrene links, and similar TOS at 370T. 
The copolymers formed by the blending of BPP with PETI-5 did not demonstrate 
any dramatic improvements in thermal properties of PETI-5 although some increase 
ni the T, was realised. Similarly, the resins formed by blending PETI-5 with the novel 
fluorinated inlide monomer BDF did not display better thermal characteristics 
compared to PETI-5. However, blending BDF with BPP monomer produced resins 
that exhibited higher Ts than PETI-5 and better TOS than both BPP and PETI-5 
resins probably due to the presence of excess fluorinated moieties in BDF/BPP 
copolymers. 
Considering that PETI-5 was regarded to be the leading candidate resin system in 
the I ISCT project, then BPP as well as the resins formed by blending BPP with BDF, 
can also be viewed as strong candidate resins in high performance applications owing 
to tile better thermal properties compared to PETI-5. 
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iý,. 6. Future N-vork 
Before bringing to a close this PhD thesis, some areas of the work reported here 
that require further development or investigation in future work are listed below: 
I. Improvements in the synthetic method of biphenylene since the synthetic path 
reported in this thesis was not capable of producing yields greater than 10% of 
biphenylene. Ultimately. this will make possible the production of BPP ill 
hip 
, 
her quantities thus enabling more accurate studies of the thermal properties 
of the resin (e. g. TOS tests using large panels). 
2. Further investigation of the curing mechanism of BPP and products thereof 
using. for example, solid state 13 C NMR spectroscopy. This is very crucial 
since it will allow a better understanding of the properties of BPP resins. 
Preparation of several BDF/BPP blends, at different compositions, and 
examination of the properties of the cured resins. The BDF/BPP blends 
prepared in this study have shown promising thermal characteristics and it 
would therefore be interesting to investigate how these vary according to 
composition. 
4. Investigation of the mechanical properties of BPP and BPP/BDF resins such 
as strength. modulus, fracture toughness, open hole compression strength and 
compressive strength after impact since a high performance resin needs to 
have both good thermal and mechanical properties. 
5. Preparation of BPP and BPP/BDF composites and study of their thermal and 
mechanical properties. 
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